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The increasing density oﬀered by Field Programmable Gate Arrays(FPGA), cou-
pled with their short design cycle, has made them a popular choice for imple-
menting a wide range of algorithms and complete systems. In this thesis the
implementation of video compression algorithms on FPGAs is studied. Two ar-
eas are speciﬁcally focused on; the integration of a video encoder into a complete
system and the power consumption of FPGA based video encoders.
Two FPGA based video compression systems are described, one which targets
surveillance applications and one which targets video conferencing applications.
The FPGA video surveillance system makes use of a novel memory format to
improve the eﬃciency with which input video sequences can be loaded over the
system bus.
The power consumption of a FPGA video encoder is analyzed. The results
indicating that the motion estimation encoder stage requires the most power
consumption. An algorithm, which reuses the intra prediction results generated
during the encoding process, is then proposed to reduce the power consumed on
an FPGA video encoder’s external memory bus. Finally, the power reduction
algorithm is implemented within an FPGA video encoder. Results are given
showing that, in addition to reducing power on the external memory bus, the
algorithm also reduces power in the motion estimation stage of a FPGA based
video encoder.Contents
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Introduction
Advances in video compression have and continue to play a crucial role in the
development of many communications applications. Applications such as digital
TV, digital cinema, internet video streaming, video surveillance and video confer-
encing have all beneﬁted from the improved quality and lower bit rates provided
by the advancement in video compression techniques. The increasing processing
capacity available to implement the video encoding and decoding functions has
been crucial to realising this beneﬁt in practice. Fundamentally, this is a result
of the increasing density of transistors which can be placed on a silicon device.
The increasing transistor density has also caused the use of Field Programmable
Gate Arrays (FPGAs) to change. When ﬁrst introduced FPGAs were primarily
used for glue logic because they had limited processing capacity. As their pro-
cessing capacity has increased, the implementation of complete digital systems on
FPGAs has become common. In this thesis, the implementation of video encod-
ing systems on modern FPGAs is studied. Emphasis is on the implementation
of the H.264 standard [1].
221.1 Motivation for Work
The characteristics which can be use to judge a video encoding implementation
include,
• Supported frame rate and video resolution
• Supported Input Video Standards
• Video Quality for a given bitrate
• Power Consumption
• Latency
• Ease of Image Access
• Implementation Cost
The importance of each characteristic is dependent on the video encoding
application. In digital television distribution applications the frame rate, video
resolution and output video quality are key, with other factors being of secondary
importance. Video conferencing applications also place a high level of importance
on video quality, frame rate and video resolution. However, in this application
these needs must be balanced against the need for both a low latency and com-
paratively lower cost encoding solution. For video surveillance applications video
quality, frame rate and resolution may be sacriﬁced in order to reduce the unit
cost and/or power consumption.
For any application an ASIC encoding solution oﬀers the highest performance
achievable in terms of both encoding performance, power consumption and unit
cost. However, the cost of designing an ASIC is prohibitive. The design cost of
23an ASIC can be in the tens of millions and is forecast to continue to increase [2].
In addition the long design cycle, and ﬁxed nature of an ASIC can make it
diﬃcult to adapt to changes in the market and technology. For example the
H.264 video compression system described in section 4.2 was an upgrade to a pre-
existing video conferencing system which only supported older video compression
standards. It is unlikely such an upgrade path would have been feasible if a pure
ASIC solution had been used initially. As a result of the large design cost and
inﬂexibility associated with an ASIC, reconﬁgurable solutions to implement the
video encoding function are become increasingly attractive.
The reconﬁgurability can be provided, through general purpose processors or
digital signal processors (DSPs), with the encoding functionality being deﬁned
in software, or, through the use of reconﬁgurable hardware. In some cases both
reconﬁgurable hardware and digital signal processors are used to implement a
complete encoding system [3]. If pursuing a software based video encoding imple-
mentation, DSPs are, in general, a better choice because they have performance,
cost and power advantages over general purpose processors.
There are a wide range of DSP architectures available. To support H.264
encoding a high performance DSP architecture is required, particularly if high
deﬁnition frame resolutions must be supported. Examples of such architectures
include, the Stream Processor [4], which supports resolutions upto 1080p and a
frame rate of 30 frame per second and the C64x architecture developed by Texas
Instruments. This architecture supports the execution of up-to 8 instructions
per second. Despite this high performance Texas Instruments have incorporated
speciﬁc hardware, alongside the C64x DSP processor, to support high deﬁnition
video encoding [5] in a number of their system on a chip devices.
24One of the factors limiting DSP performance is the limit on the amount of data
which can be transferred into the DSP subsystem from external memory [6] [7].
The stream architecture [4] has an innovative method to reduce this problem.
The programming model for the stream architecture forces the designer to ex-
press the locality and concurrency associated with an application. The stream
architecture’s memory hierarchy is designed to exploit the expressed locality and
concurrency. Consequently the external memory bandwidth requirements are re-
duced and the arithmetic logic units present in the stream architecture are able
to perform useful calculations for a greater percentage of the time.
Despite the advances in the design of digital signal processors the amount
of parallelism that can be exploited is still limited. For example the stream
processor described in [4] can only exploit data level parallelism. In the case of
video encoding this forces it to operate on multiple image blocks at once to achieve
the desired throughput [4]. This is, arguably, not an ideal way to implement a
video encoding solution because, as will be discussed in chapter 2, a number of
the algorithms which can be used in a video encoder rely on knowledge of how
adjacent blocks have been encoded. In contrast reconﬁgurable hardware allows
the type and level of parallelism to be exploited to be determined by the needs
of the application. This allows a high level of performance to be achieved.
FPGAs are currently the most commercially successful reconﬁgurable hard-
ware platform available today. They contain ﬁne grained logic elements which
accept 3-6 single bit inputs, a range of resource to support arithmetic operations,
and a range of memory resources. This allows them to implement both the func-
tional blocks and the memory hierarchy required by a video encoding solution.
While FPGAs can realise the high level of performance on oﬀer by using recon-
ﬁgurable logic, they do have limitations. There is substantial area and power
25overhead associated with using an FPGA. This is principally a consequence of
the large degree of reconﬁgurability they support.
Coarse grained logic arrays, where the basic logic elements are much larger and
more complex than in a conventional FPGA, are another form of reconﬁgurable
hardware which could be used to implement a video encoder, potentially with
more area eﬃciency and lower power than that oﬀered by a conventional FPGA.
However, currently these devices are not of suﬃcient maturity. This is especially
true in the case of the development tools required. However, given that they
have some similarity to conventional FPGAs some of the research presented in
this thesis may also be applicable to such devices.
In summary, reconﬁgurable logic oﬀers the highest performance means of im-
plementing a video encoder whilst maintaining a degree of ﬂexibility. FPGAs
are the most commercially viable reconﬁgurable logic devices available currently.
It is for these reasons that FPGAs are focused on in this thesis. Two areas are
speciﬁcally focused on,
• the integration of a video encoder into a complete FPGA based system
• the power consumption of FPGA video encoder implementations.
Video compression systems are studied because the integration of a video en-
coder into a complete system has a direct impact on some of the characteristics
listed. Speciﬁcally the latency of, and the resources used by, the encoding solu-
tion are signiﬁcantly aﬀected by the overall system design. The system design
intellectual property and associated tools oﬀered by the two main FPGA man-
ufacturers, Altera and Xilinx, are used to realise two distinct video compression
systems. Given the ready availability of this intellectual property, the insights
gained in each case will be applicable to a range of video encoder system designs.
26As increasingly complex systems have been implemented on FPGAs, power
consumption has become an increasing concern. Consequently, a signiﬁcant
amount of research has been conducted into methods used to reduce it, as dis-
cussed in chapter 3. As previously mentioned the importance of power consump-
tion varies depending on the video encoding application. However, in all appli-
cations it is desirable to reduce FPGA power consumption. Excessive FPGA
power consumption will increase heat sink, packaging and operating costs and
lower device reliability.
The H.264 standard oﬀers substantially reduced bit-rates for equivalent video
quality compared to that oﬀered by previous compression standards [8]. A num-
ber of new encoding tools, including variable block sized motion estimation, intra
prediction and multiple reference frame prediction, provide this bit-rate improve-
ment. When each encoding tool is used encoding complexity increases [9], and
therefore, the power consumed by the encoder increases. The diﬃculty in achiev-
ing an acceptable level of power consumption is further complicated both by
the desire to support high-deﬁnition resolutions in many video encoding applica-
tions and the power overhead associated with FPGA reconﬁgurability. Thus, the
central aim of the majority of research described in this thesis was to highlight
techniques to reduce power consumption in FPGAs and apply them to FPGA
video encoding systems
1.2 Contribution Of Thesis
The signiﬁcant contributions of this research to FPGA video encoder implemen-
tation ﬁeld and more generally to the video encoder implementation ﬁeld are.
• A novel memory format which allows the input frames required by a video
27encoder to be transferred to and from an external memory more eﬃciently.
• An analysis of the power consumed by an FPGA based video encoder. A
number of published papers have described complete FPGA video encoder
implementations [10] [11] [12] [13] [14] [15]. However, none have charac-
terised the power consumption as is done in this thesis.
• The development of an algorithm to reduce the power used loading and
saving reference frames from external memory. The algorithm developed is
unique in that it can be used in conjunction with other more generic bus
encoding algorithms, such as the bus invert algorithm [16].
• The implementation of the proposed algorithm into a FPGA based pipelined
video encoder. Results are provided showing that the algorithm also reduces
power in the motion estimation stages of a FPGA based video encoder.
• A novel low power FPGA architecture for the Full Fractional Search Al-
gorithm. In contrast to other proposed Full Fractional Search implemen-
tations which either repeat the half pixel interpolation operation [17] [18],
or store the half pixel samples in registers [19], the proposed architecture
stores the half pixel samples in FPGA embedded RAM. Results are pro-
vided showing the power beneﬁt of the approach taken compared to when
the half pixel interpolation is repeated.
All of the proposed techniques can be viewed as FPGA implementation vari-
ations of standard video encoding processes. None of the proposed techniques
sacriﬁce encoding performance in order to achieve a reduction in the power con-
sumption or resources required by a FPGA video encoder. The above novel
contributions have led to the following publications,
28• G. Stewart, D. Renshaw, and M. Riley, “A low-cost, fpga based, video
streaming server,” in Programmable Logic, 2007. SPL ’07. 2007 3rd South-
ern Conference on, 2007, pp. 187–190. [Online]. Available: http://
ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4234343
• G. Stewart, D. Renshaw, and M. Riley, “A novel motion estimation power
reduction technique,” in Field Programmable Logic and Applications, 2007.
FPL 2007. International Conference on, 2007, pp. 546–549. [Online].
Available: http://dx.doi.org/10.1109/FPL.2007.4380713
• G. Stewart, D. Renshaw, and M. Riley, “Power savings in fpga video com-
pression systems through intra prediction result reuse,” in Programmable
Logic, 2008 4th Southern Conference on, 2008, pp. 161–166. [Online].
Available: http://dx.doi.org/10.1109/SPL.2008.4547749
1.3 Thesis Organisation
The rest of this thesis is organised as follows,
• Chapter 2 describes the algorithms and architectures used for video en-
coding, with an emphasis on the H.264 video compression standard. The
hybrid DPCM/DCT video encoding framework is introduced. This is fol-
lowed by a discussion of the various algorithms and architectures used to
implement each section of it.
• Chapter 3 describes the basic architecture used by the majority of FPGAs
available today. The sources of power consumption in an FPGA are iden-
tiﬁed and the general techniques used to reduce FPGA power consumption
discussed.
29• Chapter 4 focuses on FPGA video compression systems. Two video com-
pression systems are described; one for video surveillance applications; one
for video conferencing applications. The novel input image memory format
is proposed in this chapter.
• Chapter 5 analyses the power consumption of a pipelined H.264 video
encoder when implemented in an FPGA.
• Chapter 6 proposes an algorithm to reduce the power used by an FPGA
video encoder’s memory bus and provides results showing its eﬀectiveness.
In addition, results are provided showing that the proposes algorithm is
compatible with other more generic bus encoding algorithms.
• Chapter 7 discusses the implementation of the algorithm proposed in chap-
ter 6 in a pipelined video encoder. An implementation of the full search
and full fractional search motion estimation algorithms is then described.
Finally, results are given showing that the algorithm proposed in chapter
6 reduces the power consumed in the motion estimation stage of a FPGA
video encoder in addition to reducing the power consumed on the external
memory bus.
• Chapter 8 - Concludes the thesis and provides suggestions for further
work.
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Video Compression: Algorithms
and Architectures
Video compression is an extensively studied subject. Both the algorithms used
for it and the architectures used to implement it have been the subject of signif-
icant research. In modern video compression systems a variety of algorithms are
employed. The purpose of each algorithm is either, to exploit the redundancy in-
herent in natural video sequences or to remove information from a video sequence
which is of negligible beneﬁt to the perceived video quality.
Despite the large amount of research which has been conducted into video
compression the same hybrid DPCM/DCT [20] framework has been used in the
majority of video compression standards. The increase in compression perfor-
mance achievable using newer standards such as H.264 [1] is a result of improve-
ments to the processes already used within the hybrid DPCM/DCT framework.
In addition the H.264 standard supports two new processes, intra prediction and
in-loop ﬁltering, to further increase the achievable compression performance.
There are other standards, such as JPEG-2000 and Dirac, which are based on
31wavelets. Currently these standards are mainly used in applications where the
quality of the compressed video is a critical requirement, for example, the JPEG-
2000 standard is used for digital cinema. In this thesis, the hybrid DPCM/DCT
framework is focused on because it is the method used by the majority of video
compression standards, and consequently the method used by the majority of
video compression applications.
2.1 Hybrid Video Compression Overview
2.1.1 Digital Video
A digital video consists of a sequence of pictures captured at regular time in-
tervals. Each picture consists of one, or more, rectangular arrays of quantised
samples (pixels) containing intensity and colour information. Diﬀerent formats
can be used to represent the intensity and colour information. For video cod-
ing applications the YCrCb format is generally employed. In this format three
rectangular arrays are used [21]. The Y or luma array contains the intensity
information. The two chroma arrays, Cr and Cb, contain the colour information.
The human visual system is less sensitive to colour information than it is to
intensity information. Therefore, it is common that the the size, or resolution, of
the two chroma arrays is smaller than that of luma array. Figure 2.1 illustrates
three of the chroma sub-sampling formats currently in use. In 4:4:4 sub-sampling,
the resolution of the two chroma arrays is identical to that of the luma array. In
4:2:2 sub-sampling, the horizontal resolution of each chroma array is half that of
the luma array. In 4:2:0 sub-sampling, both the horizontal and vertical resolu-
tion of each chroma array is half that of the luma array. Only video sequences
with 4:2:0 sub-sampling are used in this work. Other sub-sampling patterns are
32Figure 2.1: Diﬀerent chroma sub-sampling formats currently in use
supported by the H.264 standard [1].
A picture can consist of either a single video frame or two video ﬁelds. All
the samples in a video frame are captured at the same time instant (progressive
video). Each video ﬁeld contains either the odd or even picture lines, with each
ﬁeld being sampled at a separate time instant (interlaced video). The H.264
standard provides speciﬁc modes to support the encoding of interlaced video
sequences. In this thesis, however, only progressive video is used.
The rate at which frames are captured, the frame rate, determines how
smoothly motion is represented. Frame rates of 25 or 30 frames per second
are typical. In some applications frame rates of up to 60 frames per second are
used.
2.1.2 Video Encoding Process
Two types of redundancy in a video sequence can be readily identiﬁed,
• Spatial redundancy within an individual frame of the video sequence. Large
33Figure 2.2: The hybrid encoding process. Each box represents a stage of the
hybrid encoding process. The shaded boxes represent stages that are only used
within the H.264 standard.
areas within a single frame may have similar luminance and chrominance
characteristics.
• Temporal redundancy within a video sequence. Temporally adjacent frames
within a video sequence are generally very similar. This is exploited to
achieve much greater compression than would be achieved if spatial redun-
dancy alone was considered during the compression process.
A diagram of the hybrid video compression process is shown in Figure 2.2. The
hybrid video compression process is block based. Each image to be encoded is di-
vided into non-overlapping 16 by 16 pixel blocks as illustrated in Figure 2.3. Each
16 by 16 pixel block, or macroblock, is processed separately through the majority
34Figure 2.3: A QCIF image divided into 99 16 by 16 pixel blocks. Each 16 by 16
pixel block is a macroblock. Each macroblock is processed separately through
the majority of the encoding stages as shown in Figure 2.2
.
of the encoding stages. This is advantageous because the temporal and spatial
characteristics of diﬀerent sections of each video frame are not identical. There-
fore, by considering such sections separately better compression performance is
obtained.
The ﬁrst two stages of the encoding process are intra prediction and motion
estimation. Both analyse the video sequence in order to aid the compression
process. The motion estimation stage identiﬁes and compensates for the motion
of a macroblock between frames of a video sequence. This aids the exploitation
of the temporal redundancy present in the video sequence. Similarly the intra
prediction stage identiﬁes the direction in which a macroblock, or part of it, has
greatest spatial redundancy. This aids the exploitation of the spatial redundancy
present in the video sequence.
35A residual macroblock is formed from the diﬀerence between the input mac-
roblock and the macroblock prediction made by either the motion estimation
or intra prediction encoder stage. The transform stage de-correlates the resid-
ual macroblock producing output coeﬃcients. Ideally the output coeﬃcients will
have the majority of their energy concentrated in as few a number of coeﬃcients
as possible [20]. Information is lost in the quantisation stage. The transform coef-
ﬁcients are rounded into a limited range of values, dependent on the quantisation
parameter used. The quantisation parameter is the primary mechanism used to
control the size of output bitstream and the quality of the encoded frames [20].
If a constant quantisation parameter is used the quantisation parameter is kept
the same for every frame in the video sequence. This results in all the encoded
video frames being of similar quality. However, the number of bits required to
encode each frame, the bitrate, will vary depending on the complexity of the
frame being encoded. In many applications this is undesirable. Thus, frequently
the quantisation parameter is varied, on a frame or marcoblock basis, in order to
control the output bitrate [20].
As a result of the information lost through quantisation each input macroblock
cannot be perfectly reconstructed by the decoder. The quantised coeﬃcients and
the ancillary information associated with a macroblock (motion vector, mac-
roblock mode etc) are then put through an entropy encoding process to produce
the encoded bitstream.
The other stages within the hybrid video compression process, rescaling, in-
verse transformation and loop ﬁltering are used in both an encoder and a decoder.
In an encoder they are required to provide encoded data for the motion estima-
tion and intra prediction encoder stages. An encoder uses encoded data for intra
prediction and motion estimation to ensure that the data it uses matches that
36available at the decoder.
The rescaling, inverse transform and reconstruction stages generate encoded
macroblocks from the quantised transform coeﬃcients and the predicted mac-
roblock pixels. The loop ﬁlter attempts to remove any artifacts from the re-
constructed frame which may have been introduced as a result of the encoding
process. The loop ﬁlter does not operate solely on a macroblock basis. It must
ﬁlter at the boundaries between macroblocks because often, it is at these bound-
aries that any artifacts are most apparent [20].
2.1.3 I,P and B Slices
A frame, or a segment of a frame (a slice), can be encoded as either an
• I Slice - in which each macroblock can be encoded using only the intra
prediction modes supported by the encoder.
• P Slice - in which each macroblock can be encoded using either an intra
prediction mode or a motion estimation mode where each block has at most
one motion vector and reference index associated with it.
• B Slice - in which each macroblock can be encoded using either an inter
prediction mode or a motion estimation mode where each block has at most
two motion vectors and reference indices’s associated with it.
P and B slices exploit the temporal redundancy present in a video sequence.
As a result they can achieve a much greater level of compression that I Slices,
which only exploit the spatial redundancy within a single frame of a video se-
quence. I Slices are used to provide an initial frame for motion estimation and
macroblock prediction and to provide access points in the encoded bitstream.
37Figure 2.4: An encoded video sequence containing I,P and B frames
.
As illustrated in Figure 2.4 macroblocks in a P Slice are predicted from one
reference frame. The reference frames used in a P slice are encoded images which
will by displayed prior to the frame being encoded. B Slices allow each predicted
block to be formed from an average of blocks present within two reference frames.
In previous standards, the two reference frames used were ﬁxed, one from the
past and one from the future in display order. The H.264 standard allows the
two reference frames used to be determined by the encoder. In the majority of
instances, a forward and backward reference will still be used however, as shown
in Figure 2.4. B slices are used because forming the predicted block from multiple
reference blocks improves compression eﬃciency.
2.1.4 Measuring Video Quality
As a result of the quantisation stage, information is lost during the encoding
process. Consequently, the quality of each encoded frame is less than that of
38each unencoded frame. To quantify the quality loss the PSNR metric is typically
used. It is given by,
PSNR(db) = 10log10(2
n − 1/MSE) (2.1)
where n is the bit width of the quantised samples and the mean squared error
(MSE) for a M by N sample array is given by
MSE =
1
M ∗ N
M X
i=1
N X
j=1
(Pencoded(i,j) − Punencoded(i,j))
2 (2.2)
where Pencoded(i,j) and Punencoded(i,j) represent the encoded and unencoded pix-
els at position (i,j).
2.1.5 Video Compression Standards
Two main standardisation bodies have produced video encoding standards,
• Video Coding Experts Group (VCEG) of International Telecommunications
Union Telecommunication Standardization Sector (ITU-T)
• Motion Picture Experts Group (MPEG) of International Organization for
Standardization International Electrotechnical Commission (ISO/IEC)
The Video Coding Experts Group produced the H.261 and H.263 standards.
The Motion Picture Expert Group produced the MPEG-1, MPEG-2 and MPEG-
4 standards. The H.264 standard was jointly developed by the two standardisa-
tion bodies. More details on each standard can be found in [22] and [20].
392.2 Video Compression System Architectures
The architectures proposed for FPGA video encoding include, dedicated hard-
ware compression pipelines [11] [23] [14], mixed hardware/software based sys-
tems where speciﬁc tasks are performed in hardware accelerators [24] [25] but the
less computationally intensive tasks are performed in software and pure software
based encoders [12]. Some degree of hardware acceleration is generally required
in an FPGA in order for the encoder to operate at a suﬃcient frame rate. A
FPGA based MPEG-4 software encoder was proposed in [12]. Multiple Nios-2
processors were used to encode separate slices of each video frame. Even when
using 3 Nios-2 processors for encoding the compression system proposed in [12]
was only capable of encoding QCIF frames at a rate of 6 per second.
One of the justiﬁcations for including a software element in a compression
system is that it provides a degree of ﬂexibility [12] [26]. Given the ﬂexibility
inherent in FPGAs this justiﬁcation has less weight than it would if the com-
pression system was implemented using an ASIC technology. Therefore, in this
thesis the focus is primarily on hardware encoder implementations. It is assumed
that any processor present within the system is used solely for encoder control
and scheduling operations.
A macroblock pipeline is the predominant architecture used in hardware im-
plementations [11] [23] [14] [10] [27]. This is unsurprising given the block based,
sequential nature of the encoding process. Pipelining allows the various encoder
modules to operate simultaneously. This improves an encoder’s resource utilisa-
tion and increases the throughput an encoder can achieve. However, the perfor-
mance improvement comes at a cost. A signiﬁcant number of embedded RAMs
are required to support pipeline operation. In [15] a generic video processing ar-
40chitecture is proposed. The analysis in [15] focuses on the design of the communi-
cations architecture between the processing elements within a pipeline, providing
a methodology which can be used to ensure the processing pipeline as a whole
operates at the rate required.
While the general architecture is the same, there are diﬀerences between
the various macroblock pipeline implementations which have been proposed.
The number of pipeline stages varies. H.264 implementations generally have a
larger number of pipeline stages than implementations supporting previous stan-
dards [23] [27]. This can be attributed to the greater complexity of the H.264
encoding process. For example the motion estimation process in H.264 supports
both variable block sizes and quarter pixel prediction. As a result, there is a
greater beneﬁt from splitting the motion estimation process across a number of
pipeline stages than there would be if implementing standards with a less complex
motion estimation process.
The method used to control the macroblock pipeline also varies between im-
plementations. The simplest method, used in [23] [28], is to use a ﬁxed number
of clock cycles per pipeline stage, with each stage in the macroblock pipeline
advancing to the next macroblock after a set number of clock cycles. In this case
the maximum frame rate an encoder can operate at is given by,
Fr = F/(wmbhmbCp + Np) (2.3)
where wmb and hmb are the frame width and frame height in macroblocks, Fr
is the required frame rate, F is the clock frequency of the encoder, Np is the
number of pipeline stages and Cp is the number of clock cycles required before
the pipeline can advance.
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stage in the pipeline advances to the next macroblock as soon as it completes
operations on the current macroblock. This is conditional on the next macroblock
being available for processing and the succeeding pipeline stage being able to
accept data. In [14], the macroblock pipeline advances as soon as all stages have
completed operations for their current macroblock. The beneﬁt of a more ﬂexible
pipeline control scheme is that each macroblock can use a diﬀerent number of
clock cycles at each encoder stage. This can potentially allow a reduction in
the clock frequency required to support a particular frame rate and resolution.
Any actual beneﬁt is, however, dependent on the algorithms and architectures
used within the encoder, particularly those used for motion estimation and mode
decision.
Apart from pipelining, other methods can be used to parallelise the encoding
process. As previously mentioned each frame can be split into several slices, as
shown in Figure 2.5. This allows a separate encoder instance to be used to en-
code each slice. Using this method of parallelisation, any redundancy that exists
between adjacent macroblocks that are in separate slices cannot be exploited. As
H.264 considers this redundancy, this method of parallelisation reduces the video
quality that is achievable for a given bit rate [29]. Parallelisation can also take
place at the frame level. In this case, each separate encoder instance is used to en-
code a subset of the pictures within the video sequence [30]. This method is only
practical if B frames, which use a forward and a backward reference frame, are
used within the encoded video sequence. As such this method of parallelisation
is unsuitable in low latency applications.
Frame and slice based parallelisation are independent of the architecture used
to implement each encoder instance. Using an eﬃcient architecture such as a
42Figure 2.5: Splitting a video frame into several slices to enable parallelisation
macroblock pipeline reduces the need to use these other methods. The beneﬁt
of using slice or frame based parallelisation is that it allows the total hardware
resources to scale easily with the required video frame rate and resolution.
2.3 Motion Estimation
In general, the aim of the motion estimation operation is to determine the dis-
placement of objects between two frames in a video sequence. The methods used
for motion estimation can be put into two categories, intensity based methods
or feature/object based methods. Intensity based algorithms look for correspon-
dence between images based on the luminance values within each image. Fea-
ture/object based methods ﬁrst derive a set of features from each image then
look for correspondence between the features present in each set. The majority
of video compression standards imply that block based matching, an intensity
43based method, should be used. Therefore, it is this method which is focused on
in this thesis
The basic ﬁxed sized block matching process suﬀers from a number of limita-
tions. As a consequence the residual energy in the diﬀerence frame may not be
minimised. This in turn impacts the compression performance of the encoding
system. Either more bits are required to encode the residual frame, or at low bit
rates visible blocking artifacts are introduced. Improvements to the basic block
matching process have been one of the key reasons why video compression per-
formance has improved with successive video compression standards [21]. These
improvements include
• Fractional Pixel Motion Estimation
• Unrestricted Motion Vectors
• Variable Block Sizes
• Multiple Reference Pictures
• Bi-predictive Motion Estimation (B slices)
While these reﬁnements to the basic matching process have increased compres-
sion performance they have also increased complexity. The addition of fractional
pixel motion estimation, for example, typically requires that motion estimation
operation to be a two stage process. An integer pixel motion estimation oper-
ations is followed by a separate fractional pixel reﬁnement stage. A signiﬁcant
amount of research has been conducted into both reducing the complexity of
the motion estimation process and implementing it eﬃciently in various types of
hardware [20] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40].
442.3.1 Full Pixel Motion Estimation: Algorithms
The full pixel estimation problem can be deﬁned as follows. The frame to be
encoded is divided in into a number of non-overlapping equally sized blocks of
size Nh ∗ Nw pixels. For each block in the image to be encoded, an area of
the reference frame is searched in order to ﬁnd a block of size Nh ∗ Nw which
minimises a cost measure. The displacement between the current frame block
and the candidate block with the minimum the cost is the motion vector to be
reﬁned during the fractional pixel estimation process. If variable block sizes are
used, a motion vector must be found for each block size.
In H.264 the cost measure generally includes two terms. The ﬁrst term is a
distortion measure. This gives an indication of the level of similarity between
the current frame and candidate blocks. The second term is an estimate of the
number of bits required to encode the ancillary (motion vector used, reference
frame used) information for the candidate block being considered. This rate
term is designed to have more signiﬁcance at higher quantisation levels because at
higher quantisation levels, the ancillary information occupies a greater proportion
of the overall bitrate [8]. Thus, to calculate the overall cost Jmotion for a candidate
block with motion vector (x,y) and reference frame r, the following equation is
used
Jmotion(x,y,r) = D(x,y,r) + λmotionR(x,y,r) (2.4)
where D(x,y,r) is the distortion measure, R(x,y,r) is the rate, and λmotion is the
bias applied to the rate term. When a rate term is inlcluded, the motion estima-
tion problem is formulated as a rate/distortion problem. In principle λmotion, for
a given motion vector ﬁeld rate Rmotion−limit could be found through a bisection
search [41]. In general this is not practical. In the H.264 reference model λmotion
45is determined empirically, as a function of the quantisation parameter [8].
The simplest algorithm which can be used for motion estimation is the full
search block matching algorithm (FSBMA). In this algorithm the cost is calcu-
lated at each position within the reference image search area. Thus, using the
FSBMA the candidate block with minimal cost will always be found. The algo-
rithm is computationally complex however. When encoding a CIF image at 30
frames per second approximately 9.3 giga-operations per second are required [42],
assuming the Sum of Absolute Diﬀerences (SAD) distortion metric is used. Many
algorithms have been proposed which attempt to reduce the computational com-
plexity of the motion estimation process whilst providing compression perfor-
mance similar to that of the FSBMA. The methods used include, reducing the
number of search positions, using previously computed motion vectors for mo-
tion vector prediction, reducing the complexity of the distortion metric used, early
elimination of candidate blocks and the utilisation of multi-resolution reference
images.
Search Position Reduction
This method of complexity reduction focuses on devising search patterns which
reduces the number of candidate blocks which have to be evaluated. The aim be-
ing to devise a search pattern which locates the optimum candidate block whilst
requiring the minimum number of search positions to be tested. Examples of
such algorithms include the Three Step Search, New Three Step Search [31], One
Dimensional Search [32], Four Step Search [33], Diamond Search [34] and Hexag-
onal Search [35]. Algorithms such as the Three Step Search and one dimensional
search are primarily based on the monotonicity assumption. This states that the
block distortion measure will increase monotonically as the point being measured
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Search [34] and Hexagonal Search [35] also incorporate the assumption that the
optimum block will probably be located at, or close to, the search centre.
Distortion Measures
The distortion measure typically used for the motion estimation operation is
either the Sum of Absolute Diﬀerences (SAD) or the Sum of Squared Diﬀerences
(SSD). For motion vector m both the SAD and the SSD can be calculated using
the following equation,
D = Σx,yA|f1(x,y) − f2(x + mx,y + my)|
p (2.5)
where f1 is the frame being encoded, f2 is the reference frame, and p is 1 for
SAD and 2 for SSD. A number of alternatives to these distortion measures have
been proposed. The majority have aimed to reduce the complexity associated
with the motion estimation process. There have been some distortion measures
proposed however which aim to increase compression performance such as the
Sum of Absolute Transformed Diﬀerences(SATD) [20].
Truncating the least signiﬁcant bits of the reference and current pixels prior to
evaluating equation 2.5 provides a simple method with which to reduce distortion
metric complexity. If the number of bits truncated is ﬁxed this method can reduce
both the resources and power used by the motion estimator. If the number of
bits truncated is varied [36], only the power can be reduced using this method.
The reduction in power is typically greater than the proportion of bits truncated
because the switching activity of video data tends to be concentrated in the least
signiﬁcant bits [37].
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in compression performance caused by bit truncation can be reduced when nec-
essary. The impact bit truncation has on compression performance is dependent
on the number of bits truncated and the sequence being encoded. For many se-
quences truncating the 4 least signiﬁcant bits results in no signiﬁcant reduction
in compression performance when only a ﬁxed block size of 16x16 is used [36].
In [37] it is shown that, for the smaller block sizes supported by the H.264 stan-
dard, bit truncation causes a greater degradation in motion vector accuracy. The
eﬀect on compression performance is less pronounced because , in general, smaller
block sizes are only used to encode a small proportion of macroblocks in a frame.
Results presented in [43] indicate that even when supporting smaller block sizes,
truncating the least 3 signiﬁcant bits has a negligible eﬀect on H.264 compression
performance.
Sub-sampling current and candidate blocks is another method which has been
proposed to reduce distortion metric complexity [44] [45]. With this method,
the distortion metric is calculated using a subset of the pixels in each block as
indicated in Figure 2.6. As a result of the frequency aliasing introduced by sub-
sampling, motion vector accuracy and hence compression performance can be
reduced. In [44], the performance impact of sub-sampling is reduced by varying
the sub-sample pattern used for each search position. In [45], edge detection
techniques are used to determine the location of high frequency components in
the current block. Sub-sampling is then only applied at locations where high
frequency components were not detected. Similarly to bit truncation, using an
adaptive sub-sampling pattern reduces the hardware resource savings which can
be realised. In [46], instead of using an adaptive sub-sample pattern, a low pass
ﬁlter is used to reduce the magnitude of the high frequency components prior
48Figure 2.6: Example 2 to 1 (left) and 4 to 1 (right) sub-sampling patterns, only
the unshaded pixels are used in the SAD calculation
to sub-sampling. This method allows the hardware resources required for the
motion estimator to be reduced. However, it does require additional resources
for the low pass ﬁlter implementation.
Both sub-sampling and bit truncation reduce complexity by simplifying the
standard SSD/SAD distortion measure. Simpler distortion measures which are
not based on the standard SSD/SAD measure have also been developed. Exam-
ples include,
• mini-max where the distortion measure D is the greatest absolute pixel
diﬀerence between the reference and current block [47]
• pel diﬀerence classiﬁcation(PDC) where each pixel is classiﬁed as a
match or not. The distortion measure in this case is the total non-matched
pixels.
The alternatives to the SAD and SSD have not been widely adopted because
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cate that the PDC measure oﬀers better compression performance than the SAD
measure. However, the performance of PDC measure is heavily dependent on the
threshold used for classiﬁcation and the sequence being compressed.
Full Search Complexity Reduction
Two algorithms, the Early Jump Out Algorithm (EJO) and the Successive Elim-
ination Algorithm (SEA) [38], obtain the same result as the full search algorithm
but with reduced complexity. The Early Jump Out Algorithm is simple. The
SAD accumulation for a particular position is terminated if the partial SAD value
is greater than the current best SAD. Due to its serial nature, the EJO algorithm
is most applicable to software implementations. There have been hardware ar-
chitectures proposed which implement this algorithm however (see section 2.3.2).
The SEA Algorithm uses the triangle inequality to obtain a conservative es-
timate for the SAD at each search position. From the triangle inequality, the
following inequality can be derived [38],
Σx,yA|f1(x,y)|−Σx,yA|f2(x+mx,y+my)| ≤ Σx,yA|f1(x,y)−f2(x+mx,y+my)|
(2.6)
If the conservative estimate, Σx,yA|f1(x,y)| − Σx,yA|f2(x + mx,y + my| for a
search position, is higher that the current best SAD, then the SAD calculation
for that position need not be performed. The SEA algorithm is extended in [49].
A closer estimate to the SAD is achieved by summing the conservative estimates
of sub-blocks of the block being considered. This is beneﬁcial because it increases
the number of SAD calculations which can be skipped.
The SEA and EJO algorithms oﬀer a method to reduce complexity when ﬁxed
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eﬀectiveness when variable block size matching is required. An eﬃcient way of
performing full search variable block size motion estimation [43] is to calculate
the larger block SADs from the smaller block results. Thus, a more complicated
determination of when a SAD result is and is not required is necessary, if support
for variable block sizes is to be combined with either the EJO or SEA algorithms.
Vector Prediction and Early Termination
The extent to which the EJO and SEA algorithms reduce complexity is dependent
on the order the search positions are evaluated. Ideally a search position close
to the optimum should be evaluated ﬁrst to ensure that a large number of SAD
calculations are skipped. Vector prediction provides a means with which to ﬁnd
a position close to the optimum.
Vector prediction exploits the fact that both temporally and spatially adjacent
blocks may have similar motion vectors. When variable block sizes are used the
similarity between the optimum vectors for each block size can also be considered.
By considering the range of possible vector candidates a good estimate for the
current block vector can be found. In [44], every second block is assigned the
same vector as the spatially adjacent block with the minimum SAD value. This
is unusual, typically vector prediction is combined with search position reduction
algorithms such as the diamond search. In [39], two algorithms are proposed
which use vector prediction in combination with a diamond search pattern. One
of the fast search algorithms implemented within the H.264 reference model,
UMHexagonS [50], uses vector prediction in combination with both a hexagon
based search and a localised full search.
The algorithms proposed in [39] and [50] also use early termination to reduce
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is terminated early if the current minimum SAD is less than a threshold value.
Traditionally, the threshold value has been ﬁxed. This is not ideal as the optimum
threshold is dependent on a range of non-stationary factors, such as the degree
of motion in a sequence and the noise present in a sequence. As a result adaptive
thresholds have been used in [39] and [50]. In both cases the threshold value
is generated from the minimum SAD values found for temporally and spatially
adjacent blocks.
Algorithm and Architecture Co-Design
While compression performance and the number of computations are important
other factors also inﬂuence the choice of motion estimation algorithm. How eas-
ily an algorithm can be implemented on the target hardware is also important.
Despite its complexity the basic full search algorithm has remained a popular al-
gorithm for hardware implementation due to its, minimal control overhead, high-
level of data reuse and regular data ﬂow. This has motivated the development
of reduced complexity algorithms which have these desirable properties. The one
dimensional search [32] is an example of such an algorithm. It reduces the num-
ber of search positions to be tested whilst maintaining the desirable properties of
the full search algorithm.
Another example of a motion estimation algorithm speciﬁcally designed for
hardware is the Global Elimination Algorithm (GEA) [51]. The GEA uses the
conservative estimate, as used in the successive elimination algorithm, to reduce
the number of candidates which need to be fully evaluated. This reduced can-
didate set is then evaluated using the SAD metric. Using the GEA the motion
estimation hardware does not need to be able to calculate the SAD value for
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was being implemented. Therefore, the GEA algorithm requires less hardware re-
sources than the SEA algorithm. However, this resource saving is at the expense
of compression performance.
In [52] an algorithm which is designed to minimise the power in ASIC imple-
mentations is proposed. It is based on the observation that in an ASIC imple-
mentation of a search position reduction algorithm, the majority of the power
is consumed fetching the search data from the search memory cache (see sec-
tion 2.3.2).
The power used by particular algorithms, when implemented in both ASICs
and software, is studied in [53]. The set of algorithms chosen was full search,
one dimensional full search, three step search, four step search, diamond search,
modiﬁed log search, sub-sampling, and vector ﬁeld sub-sampling. For ASICs [53]
concluded that the full search algorithm consumed between 5 and 10 times more
power that any of the other algorithms. It also concluded that when a small search
range (8 pixels) is used there are negligible diﬀerences in the power consumed by
the other algorithms studied. When a search range of 16 pixels is used [53]
indicated that there are more signiﬁcant diﬀerences in the power consumed by
the various reduced complexity algorithms. Those algorithms which require a
relatively large number of search positions to be tested (one dimensional full
search, sub-sampling and vector ﬁeld sub-sampling) consuming more than twice
the power of the other reduced complexity algorithms. FPGA implementations
were not considered in [53].
532.3.2 Full Pixel Motion Estimation: Architectures
In any video compression system, the architectures used for both full and frac-
tional pixel motion estimation are critical. Commonly it is the algorithms and
architectures used for motion estimation which have the greatest impact on the
performance of the entire video compression system. In a pipelined encoder, for
example, it is typically one of the motion estimation stages which determines
Cp. This is because it is, in general, one of the motion estimation stages which
requires the greatest number of clock cycles per macroblock [11][14].
Given this, is it is clear that the number of clock cycles required per mac-
roblock, the macroblock latency, is an important parameter for full pixel motion
estimation architectures. In [42] a distinction is made between macroblock la-
tency and motion estimator throughput. It is argued in [42] that in a pipeline
system, each stage cannot start operations for the next macroblock until all stages
have ﬁnished operations for the current macroblock. Thus, the high through-
put achieved by some full search motion estimation architectures, by performing
operations on two or more macroblocks in parallel, will be diﬃcult to take ad-
vantage of in a pipelined encoder. Other parts of the encoder would limit the
overall encoder throughput. If a diﬀerent encoder architecture was used it would
be possible to to obtain a beneﬁt from performing multiple motion estimation
operations in parallel.
Achieving a low macroblock latency conﬂicts with the other motion estimator
design goals. Most obviously with the resource minimisation goal. It also conﬂicts
with the desire to minimise search memory bandwidth and search memory input
bit width. For example, the full search motion estimator presented in [40] has
a relatively high macroblock latency compared to other architectures that use a
similar number of resources. However, it accepts search memory data in a serial
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The principal beneﬁts of minimising the search memory bandwidth are that, it
minimises the power used reading data from the search memory and it allows the
search memory to be more easily shared between the full and fractional motion
estimators. The beneﬁts of minimising the memory port bit width in an FPGA
implementation are less obvious. The search memory is typically implemented
using the embedded RAM blocks available on the FPGA (refer to section 2.3.2).
Each individual embedded RAM has an output port size of 16, or more commonly
32 bits. Although smaller port sizes are supported, no implementation beneﬁt is
accrued using a smaller port size. Arguably there is a cost, the energy required
for a 16 or 32 bit read operation will be incurred even when all 16 or 32-bits have
not been read [54].
Resource utilisation is also an important metric for a motion estimator archi-
tecture. In general, the higher the resource utilisation the higher the throughput
for a given set of resources. A full search implementation achieving a near 100%
utilisation requires more complicated sequencing. Typically, the snake scanning
order, instead of the raster scan order, is adopted to achieve near 100% utilisa-
tion [43].
Full Search Architectures
As previously mentioned, a large number of full search architectures have been
proposed. In this thesis, the focus is on implementations which perform the
variable block size motion estimation operation required by the H.264 standard.
A more general review is given in [42].
In [43], full search architectures are classiﬁed into inter architectures and in-
tra architectures. Inter architectures are where each processing element calculates
55Figure 2.7: Example inter full search architecture
56Figure 2.8: Example intra full search architecture
57Figure 2.9: Inter search architecture processing element
Figure 2.10: Intra search architecture processing element
58Figure 2.11: Diﬀerent ways a macroblock can be sub divided for the H.264 motion
estimation operation
the SAD for speciﬁc search positions. Intra architectures are where each process-
ing element calculates all the absolute diﬀerences for a speciﬁc current pixel. An
example of an inter architecture is shown in Figure 2.7. An example of an in-
tra architecture is shown in Figure 2.8. The processing elements used by each
architecture are shown in Figures 2.10 and 2.9
Note that to simplify Figures 2.7 and 2.8 the architectures use a smaller num-
ber of PEs than would be used in practice. For the inter architecture shown
in Figure 2.7, sixteen processing elements are typical used [55] [56]. The intra
architecture shown in Figure 2.8 would require two hundred and ﬁfty six pro-
cessing elements to support the typical macroblock size of 16 by 16. The inter
architecture shown is a one dimensional architecture. It calculates the absolute
diﬀerence values required for a search position sequentially, on a row by row basis.
The intra architecture shown is a two dimensional architecture. All the absolute
diﬀerence values required for a search position are calculated in parallel. Due
to the parallel processing achieved by two dimensional architectures they have a
much lower macroblock latency than one dimensional architectures. This is at
the cost of a much greater resource usage however.
In H.264 a number of diﬀerent motion estimation block-sizes and block-size
59Figure 2.12: Diﬀerent ways a 8x8 block can be sub divided for the H.264 motion
estimation operation
combinations are supported. One motion vector can be used for the entire mac-
roblock, or a macroblock can be sub-divided with separate motion vectors used
for either two 16 by 8 pixel sub-blocks, two 8 by 16 pixel sub-blocks or four 8 by 8
pixel sub-blocks as shown in Figure 2.11. If the 8 by 8 mode is used, then each 8
by 8 pixel block can be further sub-divided into two 8 by 4 pixel sub-blocks, two
4 by 8 pixel sub-blocks or four 4 by 4 pixel sub-blocks as shown in Figure 2.12.
Thus, for H.264 full search variable block size motion estimation a total of 41
motion vectors must be determined for each macroblock.
The method used in all full search VBSM implementations to date has been to
calculate the larger sub-block SAD values from the SAD values of the appropriate
smaller sub-blocks [43]. For inter architectures, such as that shown in Figure 2.7,
it is predominantly modiﬁcations to the processing elements which are required
for variable block size support. For example, the variable block size motion
estimator presented in [56] uses the same basic architecture and data ﬂow as
the architecture shown in Figure 2.7. However to support variable block sizes
the processing elements used are substantially more complex. The processing
elements in [56] use 2 adders, fourteen registers with lengths between 12 and 16
bits, and 8 multiplexers. This compares to the one adder and one 16-bit register
used when variable block sizes are not supported. In addition the architecture
presented in [56] uses 13 comparators to determine the best motion vectors for
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In intra architectures, the summation operations required can take place inter-
nally within each processing element (a systolic array architecture) or externally
from the processing element array. To support variable block sizes some external
summation operations are required because the SAD values for each separate
4x4 sub-block needs to be available. The architecture shown in Figure 2.8 for
example, requires the 16x16 processing element array used for ﬁxed block size
motion estimation to be split into 16 separate 4x4 arrays. In [43] an intra ar-
chitecture, SAD tree, is proposed where no summation operations occur within
the processing element array. Instead an external adder tree is used to sum all
the absolute diﬀerence values produced. This allows all the absolute diﬀerence
calculations for a search position to occur in the same clock cycle. As a result,
the SAD values for all sub-blocks can be calculated in the same clock cycle. This
avoids the need to store the SAD values of smaller sub-blocks prior to calculating
the larger sub-block SAD values.
The FPGA implementation of intra architectures has been studied in [57].
Two intra architectures are compared, SAD tree and a systolic architecture simi-
lar to that shown in Figure 2.8. The systolic architecture requires more resources,
using approximately 2000 more slices in the Virtex-2 FPGA used. Results given
indicate that the systolic architecture is more power eﬃcient than the tree ar-
chitecture. This is primarily due to the SAD tree architecture having a lower
resource utilisation than the systolic architecture. A snake scanning dataﬂow
for the SAD tree architecture that achieves almost 100% resource utilisation was
proposed in [43]. If this was used it is probable that the power eﬃciency of the
SAD tree would be, at the least, comparable to the power eﬃciency of the systolic
array architecture. Supporting the snake scan dataﬂow does require additional
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Both the SEA [58] and EJO [59] [60] algorithms have been implemented in
hardware. The motivation for these implementations being to reduce the power
consumed by the full search hardware. The SEA algorithm was implemented
in [58] using two systolic arrays. One was used for the SAD calculations, the
other for the conservative estimate calculations. To achieve a power saving, the
appropriate part of the SAD array was disabled when it was determined that the
SAD value for a particular search position was not needed. Results are given in
in [58] indicating that a 50% power saving is achieved compared to when only a
SAD array is used. However using two arrays consumes a signiﬁcant number of
resources.
In [59] and [60], the EJO algorithm has been implemented. Both use a one
dimensional architecture. This allows the appropriate hardware to be disabled
if after N rows have been summed the partial SAD is greater than current best
SAD. In [59], results are given indicating there is a resource saving with their
EJO architecture compared to a similar full search architecture. However, this
is only through the use of a carry sum adder, an ineﬃcient structure when im-
plemented on modern FPGAs. Discounting this, there is clearly a resource cost
to implementing EJO as the number of comparators required increases. This is
evident in [60], where to support EJO an additional 720 comparators are used.
Such a large number is required because [60] attempts to use the EJO algorithm
with variable block sizes. Neither [59] or [60] indicate the power saved using the
EJO algorithm. Results are provided in [59] indicating that signal transitions are
reduced by over 50%.
All architectures require that the best motion vectors for all sub-blocks are
determined in parallel. This is necessary. In an FPGA implementation the
62Figure 2.13: Block vectors used to determine R(x,y,r) for shaded 4x8 block
motion estimator’s performance would be severely limited if the motion vectors
for all sub-blocks were determined in a serial fashion. The rate term R(x,y,r) in
equation 2.4 is dependent on the motion vectors chosen for surrounding blocks
as indicated in Figure 2.13. Determining the best motion vector for each sub-
block in parallel makes it impossible to determine the exact cost as deﬁned in
equation 2.4. In a pipelined encoder, the exact value of R(x,y,r) cannot be
determined for any sub-blocks because the motion vectors for the adjacent left
macroblock will also be unknown. At the time they are required the fractional
estimation process is still determining them. To enable the costs for candidate
blocks to be determined [43] proposed to use motion vectors, A, B and D as
shown in Figure 2.14 when calculating R(x,y,r) for all sub-blocks.
Other Architectures
A large number of algorithm speciﬁc architectures have been proposed. For ex-
ample in [61], an architecture for the three step search which achieves a high
resource utilisation is proposed. Nine processing elements are used to calculate
63Figure 2.14: Modiﬁed predicted motion vectors A,B, and D used to determine
R(x,y,r) for all sub-blocks in shaded marcoblock
the SADs for the nine search positions in each step, with the reference data being
supplied from 9 memories with 8-bit outputs. To ensure a high resource utili-
sation, without the need for a complicated interconnection network between the
memories and processing elements, the search position each processing element
is calculating alternates every 5 or 6 clock cycles. In addition the reference data
stored in each memory is interleaved to ensure that reference data for each PE is
available in every clock cycle.
Compared to other search position reduction algorithms, the three step search
algorithm can be implemented relatively eﬃciently in hardware. As a consequence
it has remained a popular candidate for hardware implementation. A H.264 full
pixel motion estimation algorithm and architecture based on the three step search
algorithm is proposed in [62]. This also uses an interleaved memory arrangement.
However, because of the multiple steps used by the algorithm and the varying
search patterns used in each step, a 100% utilisation is not achieved. This is
typical of many fast search algorithm implementations. The irregular dataﬂow
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Architectures which implement a range of search position reduction/vector
prediction algorithms have been proposed. The motivation for these algorithms
is ﬂexibility. The choice of motion estimation algorithm does not need to be
determined prior to implementation. The choice of algorithm being determined
purely by the needs of the video compression application and by the types of
motion expected in the sequences to be encoded. In [63], the architecture shown
in Figure 2.7 is used as the basis for two conﬁgurable motion estimation archi-
tectures. In the ﬁrst architecture, the current frame inputs shown in Figure 2.7
are replaced with a programmable interconnection network connected to 16 cur-
rent frame memory banks. In the second architecture, the reference frame inputs
shown in Figure 2.7 are replaced with a programmable interconnection network
connected to 16 reference frame memory banks. In [64] and [65], ﬂexible architec-
tures targeted speciﬁcally at FPGAs have been proposed. In both architectures,
the search positions to be evaluated are stored in a programmable memory and the
SAD calculations are performed in a serial fashion. Thus, in both architectures
the overlap between the reference frame pixels required for each search position
cannot be exploited. This increases the search memory bandwidth required.
Search Area Data Reuse
The search area data required for motion estimation is generally stored in a cache
as illustrated in Figure 2.15. This allows the search area data to be reused for
subsequent motion estimation operations. This is beneﬁcial because it reduces
the bandwidth demands on the typically external, memory used to store reference
frame data and it provides the motion estimator with faster access to the data it
requires. Data reuse when the Full Search Motion Estimation Algorithm is used
65Figure 2.15: Typical memory hierarchy used in a motion estimation system
is studied in [66]. Four levels of data reuse are deﬁned, A, B, C and D, with the
degree of reuse increasing from levels A to D. In each case the architecture shown
in Figure 2.15 applies. What diﬀers in each case however, is the size of the search
memory cache required and the amount of data that must be loaded from the
external memory to the search memory cache to complete the motion estimation
operations for a macroblock.
A and B are deﬁned as candidate level reuse schemes, exploiting the overlap
between the pixels required for adjacent candidate blocks. In the level A reuse
scheme only the overlap, illustrated in Figure 2.16, between adjacent candidate
blocks in a candidate row is exploited. To allow it to store the area to be reused
between candidate blocks (marked in gray in Figure 2.16) the search memory
cache in the level A reuse scheme must be able to store 240 bytes. The search
memory bandwidth required is the highest of all the reuse levels deﬁned in [66].
Assuming a search area of +/−16 pixels 25344 bytes must be loaded from external
memory to complete the motion estimation operations for a macroblock. An
example level A data loading schedule for a candidate row is shown in Figure 2.17.
In the level B reuse scheme, in addition to the overlap between adjacent can-
66Figure 2.16: Overlap between the pixels required for adjacent blocks in a candi-
date row. Once candidate block one has been loaded only another 16 pixels must
be loaded for candidate block two
Figure 2.17: Example data loading schedule for a candidate row when the level
A reuse scheme is used
didate blocks, the overlap, illustrated in Figure 2.18, between adjacent candidate
rows is also exploited. To do this the search memory cache must be able to store
all the overlapped pixels between two adjacent candidate rows. For a search
range of +/ − 16 pixels, this requires the search memory cache to have a size of
720 bytes. The beneﬁt, compared to the level A reuse scheme, is that only 2304
bytes need to loaded from external memory to complete the motion estimation
operations for a macroblock. An example level B data loading schedule for an
67Figure 2.18: Overlap between the pixels required for candidate rows. Once can-
didate block row one has been loaded only another 48 pixels must be loaded for
candidate block two, assuming a search area width of 48 pixels (search range +/-
16)
Figure 2.19: Example data loading schedule for a current macrablock when the
level B reuse scheme is used
entire macroblock is shown in Figure 2.19
Reuse levels C and D are deﬁned as block level reuse schemes. Instead of
exploiting the overlap between candidate blocks, they exploit the overlap between
the search area’s of adjacent current macroblocks. In the level C reuse scheme the
overlap, illustrated in Figure 2.20, between the search areas of adjacent current
macroblocks in a single row is exploited. For a search range of +/-16 this requires
a search memory cache of 1536 bytes. However only 768 bytes need to be loaded
per current macroblock. An example data loading schedule using the level C
68Figure 2.20: Overlap between the search areas of adjacent macroblocks in a single
row
reuse scheme is shown in Figure 2.21.
In the Level D reuse scheme the overlap, illustrated in Figure 2.22, between
the search areas of all current macroblocks in adjacent rows is exploited. This
achieves the greatest level of reuse possible. Each reference pixel is only loaded
once from main memory, with only 256 bytes having to be loaded per current
macroblock. Do achieve this however, a large search memory cache is required,
the size of which increases as the width of the frame to be encoded increases.
For a search range of +/ − 16 and an image width of W pixels a search memory
cache of 32∗W bytes is required. An example data loading schedule for the level
D reuse scheme is shown in Figure 2.23.
It is assumed in [66] that the macroblocks in a frame will be processed in
raster scan order. To reduce search memory cache size requirements whilst still
69Figure 2.21: Example data loading schedule for a current macroblock row with
m columns using the level C data-reuse scheme
allowing both the horizontal and vertical search area overlap to be exploited [67]
proposed to use a zig-zag macroblock processing order. By using a zig-zag order,
a better trade-oﬀ can be made between maximising data reuse and minimising the
size of the search memory cache. However, using a zig-zag order complicates the
design of the overall encoding system because the output bitstream, in general,
must be in raster scan order.
Reuse levels A and B rely on the overlap between candidate blocks. As the
candidate blocks to be considered diﬀer depending on the motion estimation al-
gorithm used, these reuse levels cannot be applied when the full search algorithm
is not used. Reuse levels C and D rely on the overlap between search areas, conse-
quently they can be applied even when the full search algorithm is not used. The
search memory cache required is generally larger when the full search algorithm
is not used. The memory sizes given above are based on the assumption that
only the data to be reused needs to be stored in the search memory cache. For
a full search implementation this assumption is valid. The predictability of the
memory accesses associated with a full search implementation make it feasible
that data can be loaded directly from external memory into the motion estimator
70Figure 2.22: Overlap between the search areas of adjacent current macroblock
rows
when required [66]. For other algorithms, the exact pixels required by the motion
estimator will not be known in advance and in may cases the same pixels may
be accessed a number of times during the execution of the motion estimation
algorithm. As a result it is generally necessary to store the entire search area
in the search memory cache if the full search motion estimation algorithm is not
used.
With regard to FPGA implementations, the level C data reuse scheme has
proved the most popular [10] [23] [14]. The MPEG-4 FPGA encoding system
presented in [11] uses the level D data reuse scheme. The encoder in [11] further
reduces memory bandwidth, by not writing a reconstructed macroblock to exter-
nal memory when the macroblock is encoded using skip mode with a (0,0) motion
vector. This is possible because under the conditions stated, each reconstructed
71Figure 2.23: Example data loading schedule for an entire frame with n macroblock
rows and m macroblock columns using the level-D reuse scheme
macroblock is identical to the co-located macroblock in the previous frame. For
this optimisation to be practical each reference frame must be written to the
same external memory location. Thus, it is only of use when the level D reuse
scheme and one reference frame is used.
2.3.3 Fractional Pixel Motion Estimation
Intuitively, fractional pixel motion estimation improves compression performance
by allowing a block’s motion to be expressed more accurately. To do this, refer-
ence pixel samples at half pixel and, in H.264, quarter pixel locations are produced
by an interpolation process. The exact interpolation process varies depending on
which standard is being used. The complexity of the fractional motion estima-
tion process is greater in H.264 than in previous standards, due to it employing
a more sophisticated interpolation ﬁlter, and its support for both quarter pixel
reﬁnement and variable block sizes. A much larger number of positions require
to be considered when quarter pixel reﬁnement is supported as illustrated in
Figure 2.24.
In H.264, the half pixel samples are generated using a six tap ﬁnite impulse
72Figure 2.24: Fractional motion estimation search positions for a search range of
one integer pel when supporting quarter(left) and half pel (right) reﬁnement
response interpolation ﬁlter. This ﬁlter is designed to compensate for the aliasing
which occurs in the digital video sampling process [68]. The quarter pixel samples
are generated from half and full pixel samples using a simple bi-linear ﬁlter. To
determine whether a half or quarter pel position oﬀers a compression beneﬁt
equation 2.4 is used.
The standard algorithm used for the H.264 fractional estimation process is the
full fractional search algorithm. This has been used in the JM reference model
and by a number of fractional estimation architectures [19] [17] [18]. This is a
two stage algorithm. In the ﬁrst stage, the half pel positions surrounding the
best integer search position are evaluated. In the second stage, the quarter pel
positions surrounding the best half pel position are evaluated. Thus, for this
algorithm 18 search points are required for evaluation. This requires signiﬁcant
computation. A separate interpolation and search operation must be performed
on all 41 sub blocks. If a fast search algorithm is used for full pixel motion
estimation the computation required for fraction motion estimation becomes more
signiﬁcant. This has motivated the development of fast search algorithms for the
73fractional estimation process.
In [69], it was proposed to use a simpler bi-linear ﬁlter to generate the half
pixel samples. However result showed that this reduced compression performance
by nearly 0.5 dB. In [64], a 4 tap FIR ﬁlter is used. However, no results are given
on the impact this has on compression performance. Note that while simpler
ﬁlters can be used for the fractional estimation process, they cannot be used to
generate the diﬀerence block. The 6 tap ﬁlter speciﬁed in the H.264 standard
must be used at this stage to ensure that the reconstructed macroblock which is
generated by the encoder matches that generated by the decoder. Search posi-
tion reduction algorithms are another method which has been pursued to simplify
the fractional estimation process. In [50], a diamond search pattern combined
with vector prediction and early termination is proposed. Compared to the full
pixel motion estimation process, there is less risk of a fast fractional estimation
search algorithm becoming trapped in a local minimum. The monotonicity as-
sumption holding more often because all the fractional samples are generated by
an interpolation process [50]. No research has been conducted into applying the
simpler distortion metrics discussed in section 2.3.1 to the fractional estimation
process. Frequently, more complex distortion measures than the SAD are used.
For example the Sum of Absolute Transformed Diﬀerences (SATD).
An unusual architecture for fractional estimation is proposed in [70]. Here the
fractional and full pixel estimation stages are combined. This allows the SAD
values of larger blocks to be summed from the SAD values of smaller blocks. This
is not possible if fractional estimation is performed as a separate stage because
in this case, each sub block will have a diﬀerent search centre. The penalty for
combining the two motion estimation stages is a limited search range and/or a
large hardware requirement. The architecture presented in [70] only has a search
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23 embedded RAMs to supply the reference pixels at the required rate.
More conventional architectures are presented in [19] [17] [18]. All implement
the Full Fractional Search Algorithm and are designed primarily to support 4x4
block estimation. Larger block sizes are supported through decomposition into
their constituent 4x4 blocks. To improve eﬃciency, work in [18] decomposes
blocks with a width of 8 or more into 8x4 blocks. This allows greater reuse of the
interpolated samples generated. However, it requires the estimator to support
two pipelines, one for 4x4 and 4x8 block sizes, and one for all other block sizes.
The other notable distinction between the architectures is how they implement
the two algorithm stages. In [17] and [18], the same hardware is used to perform
both the half and quarter pixel estimation. While this reduces the area and allows
a high resource utilisation, it will impact on power because it requires the half
pixel interpolation operation to be performed twice. In [19], registers are used to
store the results of the half pixel interpolation process, with separate hardware
for the half and quarter pixel estimates.
2.4 Intra Prediction
In total there are 22 intra prediction modes deﬁned in the H.264 standard, 9 4x4
intra prediction modes, 9 8x8 prediction modes, and 4 16x16 prediction modes [1].
Each mode uses pixels above and to the left of the 16x16, 8x8 or 4x4 block being
considered. The adjacent pixels being used to form a predicted block which
is compared against the block being considered (Figures 2.25 and 2.26). The
determination of the best intra prediction mode may be considered as part of the
rate distortion optimised mode decision process discussed in section 2.5. If it is
75Figure 2.25: 16x16 intra prediction modes
Figure 2.26: 4x4 intra prediction modes. The 8x8 intra prediction modes are
similarly deﬁned
not, a cost measure similar to that in equation 2.4 can be used to determine the
best intra prediction mode.
Ideally, the best intra prediction mode should be determined in the same
pipeline stage as the fractional pixel motion estimation operation. This allows
the intra/inter mode decision to be made prior to the transform pipeline stage.
However, as shown in Figure 2.27, a number of reconstructed pixels required for
16x16, 8x8 and 4x4 intra prediction will be unavailable in this pipeline stage.
If the best intra prediction mode is determined in the same pipeline stage
as the transform and inverse transform, all the pixels required for 16x16 intra
76Figure 2.27: Unavailable reconstructed pixels required for (from left) 16x16, 8x8
and 4x4 intra prediction
prediction will be available. For the 8x8 and 4x4 intra prediction modes, only
the top left sub-block will have all the reconstructed pixels it requires available
initially. The pixels required for the other sub-blocks must be produced through
the transform/inverse transform process. This forces the intra prediction, forward
and inverse transform processes to be tightly coupled, restricting their ability to
operate concurrently. It also implies that multiple transform operations will be
required, one to determine the best 4x4 intra prediction mode, one to determine
the best 8x8 prediction mode (assuming 8x8 intra prediction is supported), and
one for the mode actually chosen for the macroblock being encoded.
The simplest solution to this problem is to use input pixels instead of recon-
structed pixels when determining which intra prediction mode to use [69] [14].
This solves the data availability issue. Compression performance can be degraded,
however, particularly for sequences with minimal temporal redundancy. An al-
ternative approach is to optimise the sub block processing order to maximise the
period during which the intra prediction and transform hardware can operate
concurrently [71]. This allows some resource savings but still requires multiple
transform operations to be performed. If reordering is used with a fast intra/inter
mode decision algorithm then the need for multiple transform operations can also
77be removed.
2.5 Mode Decision
In H.264, there are a greater number of modes which can be used to compress
a macroblock than in previous standards. If the determination of which spa-
tial prediction mode to use is considered as part of mode decision process there
are 592 diﬀerent mode combinations to choose from for I-slices (assuming 8x8
intra prediction is not supported). Additional modes must be considered when
P-Slices are used (INTRA 16x16, INTRA 4x4, INTER 16x16, INTER 16x8, IN-
TER 8x16 and INTER 8x8). For the INTER 8x8 mode 4 modes must be consid-
ered for each 8x8 sub-block (INTER 8x8, INTER 8x4, INTER 4x4 and INTER
4x4). This compares to the 3 modes available in MPEG-2, and the 4 available in
H.263/MPEG-4 [8].
The rate distortion optimised (RDO) mode decision algorithm implemented
within the H.264 reference software is computationally expensive. The distortion
between the encoded and unencoded macroblocks and the rate for that distortion
must be measured for each mode being considered. This requires each macroblock
to be encoded multiple times. As a result of the RDO mode decision algorithm’s
complexity, it has not been frequently used in H.264 hardware implementations.
Instead less complex mode decision algorithms have been used. The simplest of
which is to use the cost measures calculated in the intra prediction and motion
estimation stages to determine which encoding mode to use. Compared to the
RDO algorithm this oﬀers less compression performance but is substantially less
complex.
Eﬀorts have been made to develop mode decision algorithms which reduce
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decision prior to performing all the calculations required by the motion estimation
and intra prediction processes. In [72], it is proposed to determine the mode
used for some marcoblocks partly on the modes chosen for spatially adjacent
macroblocks. This is based on the assumption that the modes chosen for adjacent
macroblock’s are correlated. While reducing complexity [72], still requires either
the 4x4 intra prediction process, the 16x16 intra prediction process or the motion
estimation process for a speciﬁc block size to be performed for every macroblock.
Another proposal in [73] determines which mode class, inter or intra, to
exhaustively search. To determine whether the intra or intra mode class should
be used, work in [73] uses features representative of both the spatial and temporal
redundancy. The spatial feature used is the minimum SATD of a subset of
the 4x4 intra prediction modes. The temporal features used are the SATD and
motion vector length of best motion vector candidate as determined by the vector
prediction algorithm proposed in [39]. Using these features, a Bayesian cost based
decision is made on which mode class to use.
In [74], an algorithm is developed to predict when the SKIP encoding mode
oﬀers the best compression performance. When the algorithm predicts that the
SKIP mode oﬀers the best compression performance, neither the motion estima-
tion and intra prediction processes need to be performed. The algorithm devel-
oped in [74] uses a model to predict the distortion and rate for a macroblock when
it is encoded in the normal fashion (i.e by performing both motion estimation
and intra prediction). The models are based on the following assumptions,
• The best mode for a macroblock and its associated distortion will be the
same as that of the co-located macroblock in the previous frame
79• The required rate for the best mode will be half that of the co-located
macroblock in the previous frame.
Using these assumptions the cost for best mode can be determined and com-
pared against the cost for the skip mode. Result are given in [74] showing that
using the proposed algorithm reduces encoding time in a software encoder by
between 30% and 70%.
Only work in [23] has used a mode decision algorithm which allows the skip-
ping of some of the required motion estimation and intra prediction calculations
in a pipelined encoder implementation. In general, such algorithms oﬀer the
potential to reduce the power used in a pipelined encoder. The resource sav-
ings oﬀered by such algorithms are limited because the encoder still needs to be
able to perform the full motion estimation and intra prediction operations when
required. Although, as discussed in section 2.4, using a fast mode decision algo-
rithm which predicts when either the 8x8 or 4x4 intra prediction operations need
to be performed can reduce the number of transform operations which need to
be performed. Consequently, such algorithms have the potential to reduce the
resources used by the transform component.
2.6 Transform
The transform stage within DCT/DPCM based compression de-correlates the
video image data, facilitating compression. In most standards apart from H.264
the Discrete Cosine Transform (DCT) is used to do this because it has been
shown to be a good approximation of the optimal Karhunen Loeve Transform
(KLT) for natural video images. The transform is also used to de-correlate the
residual images formed as a result of motion estimation/compensation. In [75] it
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to the KLT for the original video image and that the DCT remains a good
approximation of the KLT for motion compensated diﬀerence images.
Within H.264, a 4x4 integer transform, derived from the DCT, is used. This
is in contrast to previous standards which have used an 8x8 DCT. An integer
transform is used to remove the possibility of the encoder and decoder refer-
ence images diﬀering due to rounding errors in the encoder and decoder DCT
implementations. A 4x4 transform is justiﬁed because the spatial and temporal
prediction which occurs before the transform stage in H.264, negates to a large
extent the correlations between each 4x4 transform block [76]. A new revision of
the H.264 standard does provide support for an 8x8 integer transform [1]. The
integer transform used in H.264 has comparable performance to the normal DCT
transform [20]. In addition, it is simpler to implement because it does not re-
quire any multiplication operations. As discussed in section 2.4, the performance
requirements placed on the transform and inverse transform implementation are
dependent on the mode decision algorithm used and on the intra prediction ar-
chitecture used. Within a pipelined encoder, the transform component’s perfor-
mance may not be critical. In the encoder described in [23] for instance, the
vertical and horizontal transforms required are performed sequentially with one
operation occurring per clock cycle. This gives a throughput of less than one pixel
per clock cycle. The impact on overall encoder performance is masked however by
the performance of other parts of the encoder implementation. This encoder uses
a fast mode decision algorithm. As a result, the encoder only needs to perform
one complete transform operation per macroblock.
If the encoder is speciﬁcally targeted at larger frame rates and resolutions a
higher performance transform architecture may be needed. In [14], a distributed
81architecture is used to implement the transform operations. Each processing
element calculates the transformed value for one pixel in a 4x4 block. This is an
unusual design which requires the output values to be multiplexed onto a data
bus prior to quantisation. More common is to split the transform operation into
its vertical and horizontal components, as in [23], but perform multiple transform
operations per clock cycle [77] [78]. Throughput is further increased in [78] by
pipelining the vertical and horizontal transform operations. Split architectures
require a transpose memory to sequence the data appropriately prior to the second
transform operation. In [79], the vertical and horizontal operations are combined
to realize an architecture which does not require a transposition memory.
2.7 Entropy Encoding
There are two forms of entropy encoding available for use in H.264, Context Adap-
tive Variable Length Coding (CAVLC) and Context Adaptive Binary Arithmetic
Coding (CABAC). CABAC provides better performance, reportedly reducing the
size of the encoded bitstream by between 9% and 14% compared to CAVLC [80].
However, it is relatively complex and for some applications the implementation
costs outweigh the beneﬁts. Therefore, the lower complexity CAVLC entropy
encoding mode is also supported by the H.264 standard.
2.8 Loop Filter
As previously stated the loop ﬁlter is designed to remove any artifacts which may
have been introduced as a result of the encoding process. A ﬁltering operation is
applied to the horizontal and vertical edges of each 4x4 luma and chroma block.
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These include whether the macroblock is encoded using an intra prediction mode,
whether the edge is on a boundary between macroblocks and the diﬀerence in the
value of pixels on either side of the edge. The ﬁltering operation is also dependent
on the quantisation parameter used, with a ﬁltering operation more likely to be
applied when a higher quantisation parameter is used. These conditions are
designed to ensure that the loop ﬁlter ﬁlters artifacts introduced by the encoding
process but does ﬁlter true edges which exist in the image [81]. The strength of
the ﬁlter can be adjusted by the encoder and can also be completely switched oﬀ
by the encoder.
2.9 Summary
The hybrid DPCM/DCT framework has been used by the majority of compres-
sion standards. However, due to improvements to the various processes used
within it, newer standards have still provided an improvement in compression
performance. Key improvements incorporated into the H.264 standard include,
variable block size motion estimation, multiple reference frames, an integer trans-
form and intra prediction.
A pipelined architecture is the predominant architecture used to implement
a video encoder in an FPGA. The key part of any encoder implementation is the
algorithms and architectures used for motion estimation. . Secondly, due to the
complexity associated with the motion estimation process, the motion estimation
stages of a video encoder have the greatest inﬂuence on the overall throughput
of a video encoder implementation.
832.10 Conclusions
Implementing a video encoder requires substantial memory and computational
resources. Many of the key improvements incorporated into the H.264 standard,
such as variable block size motion estimation, multiple reference frames, intra
prediction and loop ﬁltering have increased the memory and computational re-
sources required. The resources required can be reduced, principally by reducing
the complexity of algorithms used for motion estimation, intra prediction and
mode decision. However, this reduces an encoder’s compression performance.
Balancing the trade-oﬀ between compression performance and complexity of the
encoder implementation is key when designing a video encoder implementation.
The optimum balance between complexity and encoder performance is very ap-
plication dependent.
Using a ﬂexible programmable solution, such as an FPGA, allows the trade
-oﬀ between complexity and performance to be adjusted as required. More im-
portantly, the algorithms used for motion estimation, mode decision and intra
prediction continue to be updated, in order to provide better performance and/or
lower complexity. Using a programmable solution ensures that any improvement
in the algorithms available can easily be incorporated into an encoder imple-
mentation. In comparison incorporating new algorithms into an ASIC encoder
implementation would be a diﬃcult and expensive task.
As discussed in chapter 1 there are other programmable technologies which
could be used to implement a video encoder. FPGAs, however, oﬀer a number
of advantages to a video encoder implementation. The encoder architecture can
be determined by the needs of the application, instead of being determined by
the structure of the programmable system. Secondly, FPGAs come in a range of
84sizes, this ensures that FPGAs can meet the varying computational requirements
of each video encoding system and that there is minimal wastage of computa-
tional resources. Finally, FPGAs are robust technology with a well understood
development ﬂow. Thus, using FPGAs is a lower risk that alternatives such as
coarse grained reconﬁgurable arrays. FPGA solutions, whilst oﬀering a number
of advantages, can suﬀer from a high level of power consumption compared to
other reconﬁgurable implementation technologies. This is principally a result
of the large degree of reconﬁguration supported by an FPGA. Computationally
complex applications, such as H.264 video encoding, can exacerbate this problem,
particularly if the FPGA implementation does not take advantage of some of the
power saving features oﬀered by the FPGA device. As discussed in chapter 1, for
many video compression applications power consumption is an important factor.
Whilst FPGA device manufacturers have addressed power consumption at
the device level. It is the contention of this thesis that, for the video encoding
application, signiﬁcant savings can be made at the application level. This is the
focus for the majority of research described in the rest of this thesis.
.
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Field Programmable Gate Arrays
FPGA based designs have always consumed more power and area for a given clock
rate than equivalent ASIC based designs due to the overhead associated with
reconﬁgurability [82] [83]. Despite the reduced power consumption achievable,
however, ASICs remain unattractive for all but the most high volume applications
due to the prohibitive non-recurring engineering cost. In this chapter the basic
architecture used by most modern FPGAs is introduced. The types of FPGA
power consumption and the methods used to reduce each type are then discussed.
3.1 FPGA Architecture
A simpliﬁed diagram representative of a modern low cost FPGAs is shown in
Figure 3.1. Such an FPGA contains four main elements, logic arrays, embed-
ded SRAM, embedded multipliers, and Input/Output (IO) blocks. Each logic
array is made up of clusters of logic elements as shown in Figure 3.2, with each
logic element containing a SRAM or FLASH based Look-Up-Table (LUT) and a
register.
86Figure 3.1: Generic block diagram of a modern FPGA
The various elements are connected together with a range of interconnect
resources. As an example, consider the Altera Cyclone-2 FPGA. The clusters, or
Logic Array Blocks (LAB), consist of 16 logic elements, with direct links between
adjacent LABs in the horizontal direction, horizontal interconnect spanning 4
and 24 LAB columns and vertical interconnect spanning 4 and 16 LAB rows [84].
The embedded multipliers and embedded ram within a Cyclone-2 FPGA are
connected to the same routing network as the LABs [84]. In addition to the
general interconnect resources available, there are also dedicated interconnect
87Figure 3.2: Diagram of an FPGA logic array
resources to support the propagation of the carry bit used in arithmetic operations
and to support the distribution of clocks to the FPGA’s synchronous elements.
The carry chain interconnect and logic allows the propagation of a carry bit
from one logic element to the vertically adjacent logic element in the logic array.
Including this addition logic and interconnect, enables the FPGA to perform basic
arithmetic operations at a much faster rate than would be the case if it were not
present. The clock distribution networks on an FPGA are speciﬁcally designed to
provide a low skew path for the clock signals required by the synchronous elements
present within an FPGA. In the low cost FPGAs used in this thesis these are
all global clock distribution networks. Higher cost FPGAs, such as the Xilinx
Virtex-5, have both global clock networks, routed through the entire FPGA, and
localised clock networks, each of which is routed through a rectangular section of
the FPGA device.
Figure 3.3 shows the clock distribution network present on a Cyclone-2 FPGA.
It consists of 16 global clock networks which feed clocks to each LAB row on the
88FPGA. Each LAB row clock net then feeds upto 6 of the available global clocks
to the synchronous elements on that LAB row and to a section of the IO blocks
present on the device. Buﬀers are used to ensure that each LAB clock net is only
active when necessary. If a particular LAB row contains only unused synchronous
elements no clock signals are fed onto the LAB row clock nets. This is common,
most modern FPGAs implement similar functionality in order to reduce the power
used distributing clock signals through the FPGA device [84] .
The clock control blocks contain multiplexers which allow the clocks fed onto
the global clock networks to be dynamically selected after the FPGA is conﬁg-
ured. The clocks supplying the clock control blocks can come, directly from an
external source, from a phased locked loop (PLL) output, or be generated in-
ternally within the FPGA device. The Cyclone-2 FPGA includes phased locked
loop(PLL) circuits to provide the ability to compensate for the delays introduced
by both the on and oﬀ chip clock distribution networks. Using the PLL circuits
ensures that all the clocks present in a system are correctly aligned. The PLL
circuits also provide the ability to adjust the frequency of the incoming clock,
depending on the requirements of the FPGA design. Circuits providing the same
function are present in the majority of other modern FPGAs. For example, the
Xilinx Spartan-3 FPGA includes delay lock loop (DLL) circuits, which while dif-
fering in their implementation, provide similar functionality to the PLL circuits
implemented in the Cyclone-2 architecture [85].
Each IO block in an FPGA is connected to a pin, and can be conﬁgured to
either provide an FPGA input or an FPGA output. In the Cyclone-2 architecture,
they consist of a tristate buﬀer and 3 registers, an input reqister, an output
register and a tristate enable register as shown in Figure 3.4. Use of the IO
registers is optional, conﬁguration multiplexers not shown in Figure 3.4 allow the
89Figure 3.3: Clock Distribution in Cyclone-2 FPGAs
IO registers to be bypassed if necessary. Using the IO registers however, ensures
that the maximum timing margin achievable is available when communicating
with other devices within a system.
The embedded memory and embedded multipliers present in modern FPGAs
reduce the performance gap between an FPGA and an ASIC, particularly in terms
90Figure 3.4: Simpliﬁed diagram of a cyclone-2 IO block
Spartan 3 [85] Cyclone 2 [86] Cyclone 3 [87]
Process Technology 90nm 90nm 65nm
Core Operating Voltage 1.2 1.2 1.2
Inputs per LUT 4 4 4
Embedded Multiplier
Input Data Width 16 8 8
Embedded Ram
Data Width 36 18 36
Number of Global
Clock Networks 8 16 20
Table 3.1: Characteristics of the FPGA architectures used in this thesis
of circuit area and power consumption [83]. However, this is only the case if the
design implemented on the FPGA uses the embedded blocks available. All the
FPGAs used in this thesis only have embedded memories and embedded multi-
pliers, other FPGAs have more sophisticated embedded blocks. For example the
Xilinx Virtex-4 FX FPGA has multiply accumulate blocks instead of embedded
multipliers, embedded memories, an embedded processor, and transceiver blocks
to support high speed Input and Output. Table 3.1 summaries the features of
the FPGAs used in this thesis.
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There are three types of power consumption in a FPGA, conﬁguration power,
static power and dynamic power [82]. For ﬂash based FPGAs conﬁguration power
is not an issue because the conﬁguration operation is not required. For SRAM
devices, which are focused on in this thesis, the signiﬁcance of conﬁguration power
to overall FPGA power consumption is dependent on how the FPGA is used. If
dynamic reconﬁguration is employed, or if the FPGA is regularly powered down,
conﬁguration power will obviously represent a greater proportion of overall FPGA
power consumption. In most current designs, dynamic reconﬁguration is not
used. Consequently it is static and dynamic power which comprise the greatest
proportion of power consumption in an FPGA.
As FPGA power consumption has become of greater concern there has been
a signiﬁcant amount of research into characterizing [82], predicting [88] and re-
ducing both FPGA static and dynamic power consumption. The techniques
for reducing FPGA power consumption proposed include, FPGA architectural
modiﬁcations [89] with an associated place and route or synthesis algorithm if
required, and place and route/synthesis algorithms independent of any FPGA
architectural modiﬁcations.
3.2.1 FPGA Static Power
Static power consumption in an FPGA can be signiﬁcant because, to support
reconﬁgurability, an FPGA uses a large number of transistors. Each transistor
will suﬀer from current leakage to some degree [90]. Moving to smaller process
geometries increases the current leakage associated with each transistor. This
has increased the signiﬁcance of static power consumption and motivated the
92development of techniques to reduce it.
In [90] an analysis of the static power consumption of the 90nm Spartan-3
FPGA is performed. It showed that 38% of the static power is consumed in the
SRAM conﬁguration cells. To reduce this two techniques have been proposed
[89][91] and implemented in the more modern commercially available FPGAs.
These are increasing the threshold voltage of the conﬁguration transistors and
increasing the gate oxide thickness of the conﬁguration transistors. Each tech-
nique targets a diﬀerent leakage type. Increasing the voltage threshold reduces
the sub-threshold leakage. Increasing the gate oxide thickness reduces the gate
leakage. Both techniques increase the time required for FPGA conﬁguration,
making the use of dynamic reconﬁguration less appealing.
Further FPGA architecture modiﬁcations have been proposed to reduce the
static power consumption in the FPGA interconnect and in the LUT multiplexer
logic. According to the study in [90] these two components represent the second
and third most signiﬁcant sources of FPGA leakage current. As FPGAs are only
available in discrete sizes, a design will only ever use a proportion of the FPGA
resources available. However, the unused FPGA resources will still consume leak-
age power. By using a low leakage transistor to disconnect the unused resources
from the power supply, power gating, the leakage current through the unused
resources can be minimised [92] [89]. It also enables areas of the FPGA that
are not used frequently to be disabled, in a similar manner to the use of power
gating in ASICs [92]. An extension of this method is to use dual supply voltages.
This allows FPGA resources to operate at a higher voltage if they are on a de-
sign’s critical timing path and at a lower voltage if they are not. This potentially
reduces both the static and dynamic power consumed by an FPGA [93].
Depending on the granularity with which power gating or dual supply voltage
93techniques are implemented they can increase the FPGA area signiﬁcantly. This
is especially in the case of the dual supply technique as level converters are
required to allow low voltage logic to drive high voltage logic without causing
leakage current. FPGA performance is also reduced by the addition of gating
transistors. Thus, the use of these techniques within an FPGA architecture
needs to be carefully considered.
Methods to reduce the FPGA leakage which can function for any FPGA are
proposed in [94]. Based on the principle that on average a LUT outputting a
logic 1 will consume less power than a LUT outputting a logic 0, [94] proposes
altering the conﬁguration of LUTs to increase the probability of them outputting
a logic 1. As this inverts the LUT output, only LUTs driving other LUTs can be
subject to this modiﬁcation in order that the inverted signal can be corrected at
a later logic stage. Favouring the use of interconnect resources with a low leakage
characteristic is also proposed in [94] to further reduce FPGA leakage power.
When combined these methods result in a leakage power reduction of around
30% for a 90 nanometre FPGA. However, as the leakage characteristic of each
interconnect resource may not necessarily be proportional to the interconnect’s
capacitance, favouring interconnect resources with a low leakage characteristic
could potentially increase FPGA dynamic power consumption.
3.2.2 FPGA Dynamic Power
The design implemented on a FPGA has a greater eﬀect on FPGA dynamic
power consumption than on FPGA static power. Dynamic power consumption
can be modeled using the equation,
Pdynamic =
X 1
2
CiV
2
i αi (3.1)
94where Ci, Vi and αi represent the capacitance, voltage and switching activity of
resource i respectively. Equation 3.1 models the power consumed charging and
discharging the capacitive load associated with each resource. This is the most
signiﬁcant source of dynamic power consumption. Additional dynamic power
is consumed as a result of the short circuit created when an output transitions
from logic 0 to logic 1 or vice versa. As this source of power consumption is also
linearly dependent on switching activity, Ci in equation 3.1 can be increased to
account for it. Thus in the extreme case if a design’s switching activity, a function
of both the design itself and its inputs, is negligible then the design’s dynamic
power consumption will also be negligible. However, this implies a design with
negligible functionality.
Studies of FPGA dynamic power consumption have shown that 50% to 70%
of dynamic power is consumed within the FPGA interconnect [82]. The large
power consumed within the FPGA interconnect is due to each interconnect seg-
ment having a large capacitance associated with it. The large capacitance being
due to the number of switch logic transistors which have to be connected to each
interconnect segment to support reconﬁgurability. To reduce the dynamic power
consumed within the interconnect a number of power-aware synthesis and place
and route algorithms have been proposed. In [95], a technology mapping algo-
rithm which attempts to consume high activity nets inside LUTs, thus removing
the need for them to utilize any FPGA interconnect, is proposed. In [96], it
is proposed to attempt to pack LUTs into clusters in a way which allows high
activity nets to be completely routed within a single cluster. This reduces power
consumption because interconnect local to a cluster typically has a much smaller
capacitance than any of the global interconnect resources available on the FPGA.
There are also similar algorithms, taking into account net switching activity, for
95both placement and routing. Prioritising power within both the synthesis and
place and route algorithms may conﬂict with a design’s speed and area goals.
For instance, nets which are on a design’s critical path, which could be packed
into a cluster, may not be as a result of prioritising the packing of nets with a
high switching activity. As a result, the delay on a design’s critical path may be
increased.
All the power aware synthesis, and place and route algorithms proposed, re-
quire switching activity information in order to operate. To even derive an esti-
mate of dynamic power consumption, switching activity information is required.
The methods used to obtain switching activities are based on either design sim-
ulation or on probabilistic techniques. Simulation based methods oﬀer a high
degree of accuracy. However, as design switching activity is input dependent, it
is diﬃcult to ﬁnd a set of inputs which are representative of real world operation
and are also small enough for the simulations to be practicable. Probabilistic
techniques generally oﬀer an increase in speed, but sacriﬁce some accuracy. For
example, by neglecting to account for correlations between signals present within
the design.
Obtaining the switching activity information is further complicated by the
issue of glitches. Glitches are spurious transitions which occur, on LUT or other
FPGA logic outputs, as a result of unequal timing delays associated with the
LUT or other FPGA logic inputs. In [88], a method of predicting the extent
of additional switching activity due to glitching, prior to the place and route
process, is proposed. The method proposed takes into account factors known
at this stage, such as LUT logic function, combinatorial depth and logic path
length, in order to determine whether glitches will be generated or propagated at
each logic element. It is suggested in [88] that glitch prediction prior to place and
96route is inherently diﬃcult. A large number of glitches are a result of the variable
delays introduced by the diﬀerent interconnect resources used to route a design’s
signals. Consequently, essential information required for glitch prediction is not
available prior to placement and routing.
Glitching, and hence FPGA dynamic power consumption, can by reduced
through pipelining [97][98] and re-timing [99]. Both pipelining and re-timing re-
duce glitch propagation, preventing glitches at a LUT output from propagating
onto the high capacitance interconnect, and hence the inputs of other LUTs in
the system. Pipelining increases the design latency but, provided this can be
tolerated, power consumption can be reduced by up to 80% depending on the
design and the number of pipeline stages implemented [97]. It may be diﬃcult,
however, to know in advance what parts of the design will most beneﬁt from
pipelining. Time consuming modiﬁcations late in the design cycle may therefore
be required in order to reduce power consumption. To prevent this, an auto-
mated method for including additional pipeline registers is proposed in [98]. The
additional registers are clocked using a phase shifted versions of the non-pipelined
register’s clock. This ensures the additional registers do not aﬀect the design’s
operation. The dynamic power reduction achievable with this method is less than
that which can be achieved through pipelining early in the design cycle. The ad-
ditional phase-shifted clocks must be distributed through the FPGA, creating an
additional source of power consumption. In addition, the number of additional
pipeline registers is restricted by the timing margin, or slack, available in the
design. Nevertheless power reductions of up to 30% have been cited using this
method [98].
The embedded blocks present in modern FPGAs can be taken advantage of
to reduce dynamic power consumption [83]. As these blocks are eﬀectively ASIC
97circuits that implement a particular function, it is inherently more power eﬃcient
to use them for that function than it is to use the generic LUT fabric. However, if
the dedicated blocks are not used in the design implemented on the FPGA they
are eﬀectively just additional sources of static power consumption. If the FPGA,
or reconﬁgurable array, is targeting a speciﬁc application then the whole array,
and each block in it, can be designed for that application. For example, in [100],
a reconﬁgurable array targeting motion estimation is proposed. For commercial
FPGAs the embedded blocks present must be ﬂexible enough to be used through-
out the application range the FPGA is targeting [101]. In commercial FPGAs
therefore, embedded blocks are typically limited to RAM blocks, multiply or mul-
tiply accumulate blocks, clock control blocks and specialised input/output blocks
to support high speed FPGA input and output. To reduce power consumption,
the design implemented on the FPGA must be designed to use the embedded
blocks available eﬃciently [83].
Techniques for minimizing the amount of power consumed in embedded RAMs
are proposed in [102]. The techniques proposed take advantage of the fact that
as a result of the way the synchronous RAMs in an FPGA operate, the majority
of their dynamic power consumption is not dependent on the input data or input
addresses but on the number of clock cycles the SRAM clock is enabled [103].
Two methods are proposed. One is to remap write/read enables to write/read
clock enables. The other is to map logical memory blocks which are larger than
the physical memory blocks available on the FPGA in a way which minimises
the number of physical memories which have to be active for any read/write
operation. Embedded RAM optimisations are important with respect to video
encoder designs. Such designs generally make use of a large number of RAMs in
order to reduce bus/memory bandwidth to an acceptable level.
98The embedded RAMs on an FPGA can also be used to implement logic [104].
In terms of raw silicon area, implementing logic using embedded RAMs is more
eﬃcient than implementing logic using the FPGA LUT fabric [104]. From a power
view point, implementing logic in the available embedded RAMs may reduce
the size of the FPGA required for a design, and hence reduce the static power
associated with it. However, it was shown in [105] that implementing logic in
embedded RAMs results in an increase in FPGA dynamic power consumption.
Thus, in general, using embedded RAMs to implement logic will result in an
increase in a design’s overall power consumption.
Clock gating techniques can also be used in FPGAs to reduce power. Two
clock gating methods can potentially be used [106][107]. The ﬁrst uses each FPGA
register’s enable pin to approximate the eﬀect clock gating would have, the other
uses the built-in FPGA clock management resources to actually disable one of
the clocks present in the design. The second method reduces power consumption
by the greater amount, as with the ﬁrst method the clock is still being distributed
to each register. The advantage of the ﬁrst method is that it does not require
a separate clock distribution tree, a ﬁnite FPGA resource, for each gated clock
present in the design.
3.3 Summary
This chapter has introduced the basic architecture used by the majority of FP-
GAs available today. A key aspect of modern FPGA architectures is that they
are heterogeneous. At a minimum a modern FPGA consists of LUTs, embed-
ded RAMs and multipliers. The inclusion of additional blocks has been key to
allowing more complex systems to be implemented on FPGAs.
99Due to the number of transistors required by an FPGA, the static power
consumed is inherently greater than that of an ASIC implementing an equivalent
function. Signiﬁcant research has been conducted and new features incorporated
into modern FPGAs in attempt to reduce static power consumption. In the main
these features are implemented at the FPGA architectural level. For example,
the use of a diﬀerent oxide thickness for conﬁguration transistors.
There is more scope to inﬂuence dynamic power consumption at the appli-
cation level because there is a direct link between the application implemented
on the FPGA and the power consumed by it. That said, a number of synthesis,
placement and routing algorithms, which aim to reduce dynamic power consump-
tion, have been proposed. In chapter 5, results will be given showing how some
of these techniques aﬀect the power consumed by a FPGA based video encoder.
The techniques proposed in [103] being used to reduce the power used by the
embedded RAMs present in the FPGA video encoder design.
100Chapter 4
FPGA Video Compression
Systems
FPGAs have become a popular method of implementing real-time video encoding
systems. Modern FPGAs are well suited to the video compression task. An abun-
dance of logic (LUTs and embedded multiplier/DSP blocks) allows the complex
algorithms required to be eﬃciently implemented. The embedded RAM present
on all modern FPGAs allows the video data to be buﬀered on chip, reducing
external memory bandwidth requirements.
A video encoder is only a single part of an overall system. In general, a
video encoding system will include, a video input source, memory, processor(s)
and an output path. Any encoder, regardless of architecture, will have memory
bandwidth and FPGA resource requirements which have a signiﬁcant impact on
the overall system design. In this chapter, the integration of a pipelined video
encoder into a complete system is studied. Two example systems are described,
each targeting a diﬀerent application. The ﬁrst, in section 4.1, describes a low
cost H.263 video streaming system for security applications. The second, in
101section 4.2, describes a high performance H.264 video encoding system targeted
at video conferencing applications.
4.1 H.263 Encoder System using the Xilinx Plat-
form
4.1.1 Design of an Pipelined Encoder suitable for integra-
tion into Xilinx platform based systems
The encoder is based on the design described in [108]. A diagram of the encoder
is shown in Figure 4.1. It consists of ﬁve computational modules, the full pixel
motion estimator, the half pixel motion estimator, the transform and quantiser,
the inverse transform and quantiser and the variable length encoder. Each module
processes macroblock units of data and stores its output in the appropriate RAM
buﬀer. Double buﬀering is used to allow the encoder to operate in a pipelined
fashion, as shown in Figure 4.2. In this encoder, the number of clock cycles
required per pipeline stage is ﬁxed at 1468. To encode D1 (704x480) sized images
at 30 frames per second therefore requires a minimum encoder clock frequency
of approximately 59 megahertz (equation 2.3).
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103Figure 4.2: Pipeline operation of H.263 encoder. Each macroblock (MB) is pro-
cessed sequentially through each of the encoder stages
Encoder Modiﬁcations
In order to ease integration into Xilinx platform based systems a number of
changes were made to the encoder. The number of embedded RAMs used by it
were reduced and a more eﬃcient method of writing data to and from the encoder
was introduced.
The encoder presented in [108] used 22 embedded RAMs for buﬀering the mac-
roblock (MB) data between the computational modules, internal storage within
the ﬁve functional modules, and buﬀering the reconstructed image data for use
by the full pixel motion search module. This represents a signiﬁcant proportion
of the embedded RAMs present in mid-range Spartan-3 devices and, if not re-
duced, would have prevented the encoder being targeted at these FPGAs, given
that in a typical Xilinx platform based design the microblaze processor also uses
a number of block RAMs.
Two methods were used to reduce embedded RAM usage. Where possible, the
104embedded RAMs were reduced by storing the macroblock data in a more compact
fashion. For instance the search memory is required to store 12 macroblocks at
any instance, the data being held, from a schematic point of view, in 4 buﬀers
each storing 3 macroblocks. The previous implementation mapped each buﬀer
directly to an embedded RAM. This, while simple, wastes more than half of
each embedded RAM’s storage capacity of 2048 bytes. To reduce the embedded
RAMs used, the 4 buﬀers were re-mapped onto 3 embedded RAMs, the minimum
number required to store 12 macroblocks of image data. The second method used
was to utilise the distributed RAM feature available in Xilinx FPGAs, mapping
some of the smaller memories required by the individual functional modules to
distributed RAM.
The previous encoder stored all frames present in external memory (input
frame, output frame and reconstructed frame) in raster scan format. The encoder
operates on macroblock units of data. Thus, when loading and saving macroblock
units of data the memory addresses the encoder accessed were not in a straight
forward sequence. This is not an issue if static memory such as SRAM is used,
as there is no performance penalty for addressing SRAM in a non-sequential
fashion. However, when using dynamic memory, or when accessing a memory
through a bus such as the On-chip Peripheral Bus (OPB) used here, it is desirable
to use sequential memory addressing because the data can be transferred more
eﬃciently through the use of the burst mode of the memory/bus. For the output
and reconstructed frames the obvious method is to write out output frame in the
macroblock ordered format shown in Figure 4.3. The appropriate data can then
be easily loaded when compressing the next frame in the video sequence.
With respect to the input frame, the issue is more complicated due to it
being coupled with the design of the camera interface. If the encoder accepts
105Figure 4.3: Macroblock ordered format used for reconstructed and output images
Figure 4.4: Macroblock ordered format used for input images
input frames in the format shown in Figure 4.3, the onus is put on the camera
interface to write the input frame data to external memory in that format. Since
any camera interface will receive camera data in raster scan order, its ability to
write that data to memory eﬃciently is inhibited if it must write it out in the
format shown in Figure 4.3. With the bt656 source used, the data must also be
converted from an interlaced 4:2:2 format to a non-interlaced 4:2:0 format.
To do this and be able to write out the data in an sequential manner, the
camera interface uses two embedded RAMs to double buﬀer one line of image
data. For the ﬁrst ﬁeld it captures the chrominance and luminance data, for the
second ﬁeld it captures the luminance data only, thereby performing the 4:2:2 to
4:2:0 conversion required. Each image line is written out in 16 32-bit word bursts
of luminance and chrominance data. This forces every 4 macroblocks of data to
be intermingled as shown in Figure 4.4. However, it allows a burst size of 16,
instead of 4, to be used to write the input frame data to external memory.
Encoder Interface
The camera interface and the encoder have internal registers which require to
be set for every frame captured/encoded. To facilitate this within the Xilinx
106platform systems being targeted, two OPB slave interfaces, implemented using
the Xilinx provided OPB-IPIF module [109], were used. As already mentioned
OPB masters interfaces were used to provide the encoder and camera with access
to external memory. The external memory being accessed through any of the
OPB external memory interfaces provided by Xilinx. This allows the encoder and
the camera interface to be ﬂexible with regard to the type of external memory
used with them.
4.1.2 System Design
To demonstrate the use of the encoder within a low cost system the Avnet
Spartan-3 1500 evaluation board [110] was used with two expansion cards, one
to provide the bt656 input for the camera interface [111], and one to provide ac-
cess to a 32-bit SDRAM memory [112]. The system implemented is designed to
stream H.263 compressed video using the Real-time Transport Protocol (RTP).
The architecture of the Spartan-3 system is shown in Figure 4.5. The ar-
chitecture used decouples as much as possible the encoding operation from the
streaming operation. The encoding operation is centred on the encoder OPB
bus, the streaming operation is centred on the processor OPB bus. The only
data required to ﬂow between the two buses is the H.263 bitstream data. This
is written into the 8 kbyte embedded RAM buﬀer accessible to both buses, by
the OPB DMA controller, under direction from the microblaze processor. At no
point does the processor access the SDRAM directly. The encoder, camera inter-
face and processor all operate concurrently, with the camera interface capturing
image n, the encoder encoding image n − 1, and the processor streaming image
n − 2.
This architecture was chosen for a number of reasons. Firstly, using two OPB
107Figure 4.5: Spartan-3 System Architecture
bus segments ensures that access to the SDRAM is not impeded by the processor
accessing the other slaves in the system. Secondly, the microblaze processor
accesses the OPB bus using single read/write transactions, taking at least 10
clock cycles to read a 32-bit word from SDRAM, and 6 clock cycles to write a
32-bit word to SDRAM, due to the latency associated with the OPB bus and
SDRAM interface [113]. Thus, if the processor software was to be run directly
from SDRAM, it would be able to execute a maximum of 6 million instructions
per second (assuming a system clock rate of 60 MHz), but realistically less, as
processor access to the SDRAM will be hindered by the camera interface and
encoder. Given this, it is clear that a degree of buﬀering of the program data will
be required for the system to operate at the desired frame rate and resolution.
This buﬀering can take one of two forms, caching and directly storing the
program instructions and data on the FPGA. Both methods use the embedded
108RAMs present on the FPGA. In this system, 12 embedded RAMs are available
to be used for this purpose. The others are used, in the encoder and camera
modules as discussed in section 4.1.1 and in the ethernet media access controller,
which requires a minimum of 4 embedded RAMs to function eﬃciently [114].
The advantage of using an instruction and data cache is that the SDRAM
can still be used for storage. As a result the size of the system software does not
become critical. However, the processor SDRAM usage when caches are used, is
dependent on both the system software and the cache conﬁguration. This is diﬃ-
cult to anticipate in advance and, for this reason, this approach was not pursued.
Instead the 12 available embedded RAMs were used to store the system software
directly. As shown in Figure 4.5 the available embedded RAM was divided with
8 2-kbyte embedded rams being connected to the microblaze processor through
the faster local memory bus (LMB) and 4 being connected through the slower
OPB bus. This division was chosen because the Xilinx supplied interfaces only
support microblaze memory buﬀers which use a power of 2 number of embedded
RAMs. It also allows the H.263 bitstream data to be directly loaded into mem-
ory accessible to the system software, as the second port of the OPB embedded
RAMs can be accessed by the encoder OPB bus segment.
4.1.3 Software Design
The software controls the operation of the entire system, instructing the camera,
and encoder, to capture and encode images, and transmitting the encoded im-
ages using the ethernet media access controller. Due to the system architecture
currently used the total size of the system software is restricted to 24 kilobytes.
An Internet Protocol (IP) stack is required in order to properly format the en-
coded data for transmission over the ethernet media access controller. Although
109it would be possible to develop a custom IP stack speciﬁcally for this system
this would take a signiﬁcant development eﬀort, mitigating some of the beneﬁt
of using a platform design approach. There are a number of IP stack libraries
compatible with the microblaze processor and ethernet media access controller.
Xilinx supply the open source lwIP library and also a custom Xilnet library.
There is also a port of the uclinux operating system available for the microblaze
processor. Due to program size restrictions, the Xilnet library was used, as this is
the only one capable of being implemented within the 24 kbytes available to store
the system software. Although limited, the Xilnet IP stack is adequate for send-
ing the UDP packets required by the RTP protocol. The Xilnet IP stack has very
simple memory management. Two ethernet frame sized buﬀers are used, sendbuf
for sending data and recvbuf for receiving data. These are mapped to the OPB
embedded RAMs, with encoded data being loaded directly into sendbuf using
the DMA controller shown in Figure 4.5.
Figure 4.6 shows a ﬂow diagram of the software operation whilst encoding.
Due to the program size restriction, no operating system is used. Instead, a
camera and encoder generated interrupt triggers the software operation. The
Xilnet library does not fragment IP packets across ethernet frames and, in any
case, there is not the program memory available to support this. Thus, each RTP
packet must be limited to approximately 1500 bytes. Given that the size of one
H.263 encoded image is generally greater than 1500 bytes, this restricts the RTP
payload header which can be used. The RFC 2190 payload header [115] cannot be
used because, with this protocol, the H.263 bitstream data must be fragmented
at image, group of blocks, or macroblock boundaries. With the current encoder
design, the processor is only aware of where each encoded image starts in external
memory, not where each group of blocks (GOB) or macroblock starts. Therefore,
110Figure 4.6: Flow diagram of software during encoding operation
the RFC 2429 payload header [116] was used as it allows each frame’s H.263
bitstream to be fragmented at random points.
4.1.4 Results
Table 4.1 shows the FPGA resource usage of the revised encoder, discounting the
additional de-interlacer component. Compared to the original encoder [108], the
embedded RAM usage has been reduced signiﬁcantly. The slice usage, however,
has increase signiﬁcantly compared to the 3000 slices used in the previous imple-
mentation. This is due to, the use of distributed RAM as opposed to embedded
RAM, the addition of the OPB master and slave interfaces and the targeting of
the encoder at lower cost Spartan series FPGAs as opposed to the more expensive
111Slices 4813
Slice Registers 4364
LUTs 7061
Embedded RAMs 12
MULT18X18s 3
Maximum Encoder Clock Frequency 60 MHz
Table 4.1: Encoder resource usage (Spartan-3 1500 FPGA)
Slices 10944 out of 13312
Block RAMs 32 out of 32
MULT18X18s 6 out of 32
Maximum Clock Frequency 60 MHz
Table 4.2: Usage of Spartan-3 1500 resources by Streaming System
but higher performance Virtex series FPGAs.
The maximum clock rate the core is capable of operating at is just over 60
MHz in the lower speed grade Spartan-3 parts. In the higher speed grade parts it
is capable of operating at over 69 MHz. Even using the lower speed grade parts,
the encoder is capable of encoding D1 sized video at 30 frames per second. The
minimum encoder clock frequency required for this throughput being 59 MHz.
Table 4.2 shows the resource usage for the overall system in the Spartan-3
1500 FPGA targeted. Using the lower speed grade part present on the Spartan-
3 evaluation boards used, the system is capable of operating at 60 MHz and
streaming D1 video at 30 frames per second. The size of the encoded data,
however, is limited to approximately 1 MByte per second, due to the ethernet
MAC only supporting 10 megabit operation at 60 mega-hertz.
The main limitation of the system is that, due to the software size constraint,
the software has limited control functionality, only having a start streaming com-
mand which is sent to the system using the ethernet controller. Ideally, the system
should be able to accept various commands, to start/stop streaming, send intra
112frames and control the video bitrate. As the current system software already
occupies 23506 bytes out of the 24576 bytes available alterations to the system
hardware are required if this functionality is to be supported. One option is to
use the Spartan-3E 1600 FPGA, which has an additional 4 embedded RAMs and
is available for comparable cost to the Spartan-3 1500 FPGA.
Another option is to use caches and store the software within the external
memory used by the encoder and camera interface. Sharing the external memory
between the processor, camera interface and encoder becomes more feasible if the
Xilinx cachelink interface is used. This custom interface was developed by Xilinx
to provide the microblaze processor with a lower latency interface to external
memory than that provided through the OPB bus. The caches used with the
cachelink interface also supports larger cache line sizes than the caches used when
external memory is accessed through the OPB bus. Use of cachelink interfaces to
provide the encoder and camera interface with access to external memory would
also provide a performance improvement whilst still allowing the encoder and
camera interface to be easily used in a variety of Xilinx platform based systems
with diﬀerent external memories.
4.2 H.264 Encoder System using the Altera Plat-
form
4.2.1 System Design
For this design, the maximum resolution required was 1280x720 (720p) at a frame
rate of 30 frames per second. The target FPGA was the EP2C70 [84], the largest
Cyclone 2 FPGA available. A modiﬁed version of the encoder described in [117]
113Figure 4.7: Overall system environment FPGA system operate in
was used. The FPGA encoding system diﬀers from that discussed in section 4.1
in the method used for encoder control and in the method used to output bit-
stream data. The encoder in this system is controlled from a DSP device instead
of an FPGA based processor. Encoding parameters being transmitted to the
FPGA using the same bus that input frames are transmitted on. Bitstream data
is outputted from the FPGA on a separate bus to another DSP device. The
FPGA is not required to packetise the bitstream data for transmission on an IP
based network. As a consequence of these diﬀerences there is no need for an
FPGA based processor to support encoder operation in this system. A diagram
summarising the overall system environment the FPGA design must operate in
is shown in Figure 4.7. The DDR-2 memory shown in Figure 4.7 is used to store
the reference frames required for motion estimation.
While the absence of an FPGA based processor simpliﬁes the FPGA system
design, this is oﬀset by the encoding demands placed on the system. The encoder
described in [117] uses a ﬁxed 1400 clock cycles per pipeline stage. If only one
114encoder instance was used a clock frequency in excess of 150 MHz would have been
required to meet the desired frame rate and resolution (refer to equation 2.3).
This would have been a diﬃcult clock frequency to achieve in the low cost FPGA
used. To reduce the clock frequency required, the slice based encoding technique
described in section 2.2 was used. Two encoder instances being utilised to meet
the desired frame rate and resolution.
Even when using two encoder instances a 75 MHz clock frequency would still
have been required for an encoder Cp of 1400. This was a higher frequency than
many of the encoder stages could operate at in the Cyclone-2 FPGA used. Using
a third encoder instance was not an option. It would have required more resources
than were available in the Cyclone-2 EPC70 FPGA. Therefore, the number of
clock cycles that the full pixel motion estimation stage required was reduced.
This allowed the Cp of the encoder to be reduced to 1200 clock cycles, reducing
the required encoder clock frequency to 58.8 MHz. The actual encoder clock
frequency used was 60 MHz. This allows both the encoder and input/output
interface to use the same clock.
While the encoding process across can be split across multiple encoder in-
stances, the memory transactions each encoder requires cannot be split across
multiple external memories. Only one DDR-2 SDRAM was available for use on
the target board. Even if more than one memory was available splitting the mem-
ory transactions would be non-trivial. A proportion of the reference frame data
produced by each encoder instance must be accessible to the other. This allows
the motion estimators in each encoder instance to consider search positions which
cross the slice boundary.
Table 4.3 shows the maximum size of the main memory transfers required by
the encoding system. Some of the smaller transfers required, such as the intra
115Transfer Name Megabytes per second
Reference Frame Load 124.4
Input Frame Load 41.5
Input Frame Save (From IO interface) 41.5
Output Frame Save 41.5
Loop Filter Load 51.875
Loop Filter Save 51.875
Total 352.35
Table 4.3: Maximum size of main memory transfers required by encoding system
prediction load, are not listed. Also not listed is the bitstream data which is
saved to the DDR-2 SDRAM prior to being outputted on the data output bus.
The size of this transfer is sequence speciﬁc. The maximum possible size is 1.75
megabytes per second, assuming the encoder complies with level 3.1 of the H.264
standard [1]. Achieving a memory utilisation of over 50% using the Altera DDR2-
SDRAM controller used is diﬃcult [118]. Given this, and the bandwidth required
by the encoding system, it was suspected that it would be necessary to operate
the DDR-2 SDRAM and its controller at the DDR-2 SDRAM’s maximum clock
frequency of 125 MHz. Simulations conﬁrmed this suspicion.
The ﬁrst architecture proposed for the encoding system is shown in Figure 4.8.
In this architecture each encoder instance and the input/output module are sep-
arate Avalon bus masters. Therefore an arbiter is instantiated within the avalon
switch fabric to control access to the DDR-2 SDRAM. The avalon switch fabric
can also instantiate clock crossing logic when required. This was not used in
this case however. The avalon switch fabric uses a slow handshaking protocol to
correctly transfer data across asynchronous clock domains. This protocol is un-
suitable for the large amount of data which needs to be transferred to and from
the DDR-2 SDRAM. Instead dual-port embedded RAMs on the input/output
of each encoder and within the I/O module are used to facilitate the eﬃcient
116Figure 4.8: Proposed encoding system architecture
transfer of data between the core and memory clock domains. Consequently, the
entire avalon switch fabric must be able to operate at 125 megahertz.
The main advantage of this architecture is its modularity. Treating each
encoder instance and the input/output module as separate components makes it
easy to reuse the encoder in other Altera platform based systems. For this speciﬁc
system however, it was found to be impossible to use a modular architecture and
still meet the system’s frame rate and resolution requirements. This was due to
the avalon switch fabric being incapable of arbitrating between multiple masters
at 125 mega-hertz when implemented in a Cyclone-2 FPGA. To resolve this issue
the two encoder instances and the input/output module were merged into the
one avalon component. The three components sharing the one avalon master
interface. This removes the need for an arbiter within the avalon switch fabric.
Instead, an arbitration between the various modules takes place internally within
the avalon component as shown in Figure 4.9. This allows the majority of the
arbitration process to operate at the encoder and IO clock frequency of 60 MHz.
Consequently the 125 MHz memory clock frequency required can be achieved
117Figure 4.9: Actual encoding system architecture
whilst using an avalon bus interface.
4.2.2 Input/Output Interface
Format and Timing
The input/output interface must parse the data transmitted on the input bus,
load the appropriate frames into the DDR-2 memory for use by the two encoder
instances, and output the bitstream data on the output bus. In addition, it must
be able to pass on the frames to be encoded to the output bus, as well as any
additional frames transmitted on the input bus.
Data is transmitted to, and from, the FPGA in meta-frames. The meta
frame format is used to ensure the FPGA is compatible with the other devices
in the system. Each meta-frame consists of 625 lines of 3200 bytes. An 8 byte
horizontal synchronisation period occurs at the end of each line. A 5 line vertical
synchronisation period occurs at the end of each frame. The ﬁrst 128 bytes of
each input meta-frame contains the information required for encoder control.
This is then followed by up-to 3 video frames, the ﬁrst of which is the frame to
118Figure 4.10: Example input meta frame
be encoded. An example input meta-frame is shown in Figure 4.10.
In the example shown in Figure 4.10, the 720p frame must also be passed on
to the output bus as well as being encoded. Whether the frame to be encoded
must also be passed on is dependent on the combinations of frames contained
within the meta-frame. A complete list of the input frame combinations which
had to be supported is given in table 4.4.
The requirement to pass on frames complicates the output meta-frame format.
There are no spare resources available to store the additional pass-on frames in
the FPGA. The DDR-2 memory cannot be used as there is no spare memory
bandwidth available. Therefore, the frames must be passed on with minimal
delay. As a consequence the bit-stream data must be transmitted in the empty
119Encoded Frame Size Encoded Frame Passed On ? Pass On Frame Sizes
720p Yes 720p/16
w4cif No 720p
w4cif Yes w4cif/16
w3cif No 720p
wcif No 720p,720p/16
4cif Yes qcif
3cif No 4cif,qcif
cif No 4cif,qcif
4sif Yes qsif
3sif No 4sif,qsif
sif No 4sif,qsif
Table 4.4: Input frame combinations supported
space available within each output meta frame. For meta-frames which require
the encoded frame to be passed on, the bitstream is located at the end of each
meta-frame, as indicated in Figure 4.11. For meta frames which do not require
the encoded frame to be passed on, the bitstream data starts at the end of a
meta-frame and, if necessary, continues at the start of the next meta-frame as
indicated in Figure 4.12.
From Figure 4.11, it can seen that the encoding latency with this type of meta-
frame is over 30 milliseconds. The bitstream is transmitted on the output bus
over 30 milliseconds after the corresponding input frame has been transmitted.
This is unavoidable given the time needed to encode larger frame sizes and the
inability to store the pass on frames. The latency for meta-frames where the
frame to be encoded is not passed on is much less, as shown in Figure 4.12. This
is a result of the smaller frame sizes which have to be encoded and the larger
frame sizes used for pass on frames in this case. As a result the bitstream can be
outputted in the same meta-frame as the corresponding input frame.
120Figure 4.11: Timing relationships between the input and output meta frames
when the encoded frame is passed on to the output bus
Figure 4.12: Timing relationships between the input and output meta frames
when the encoded frame is not passed on to the output bus
121Figure 4.13: Structure of I/O interface
Input/Output Interface Design
The structure of the input/output interface is shown in Figure 4.13. It consists of
three main components. The input/output controller communicates with the two
external buses. It parses the header data from the input bus, writes frame data to
the input frame memory buﬀer, and reads the bitstream data from the bitstream
memory buﬀer and puts it on the output bus. The input frame memory controller
schedules the transfer of the input frame from the input memory buﬀer to the
external memory. The bitstream memory controller schedules the transfer of the
bitstream data to the bitstream memory buﬀer. The memory buﬀers are used to
transfer the bitstream and input frame data eﬃciently between the capture and
memory clock domains.
Similarly to the design described in section 4.1, input images are received in
raster scan order. For this design, the input image memory format shown in
Figure 4.4 is not used. Instead, the simple macroblock ordered format shown in
Figure 4.3 was used. The format shown in Figure 4.4 was not used because the
Altera DDR-2 controller used only supports a burst length of 4. If an Avalon
122Logic Elements 63929 out of 68416
Embedded Rams (M4K) 240 out of 250
Maximum Memory Clock Frequency 127.8 MHz
Maximum Encoder Clock Frequency 66.77 MHz
Table 4.5: Usage of Cyclone-2 resources and maximum operating frequency
master requires a larger burst size than that supported by the DDR-2 controller,
the Avalon switch fabric instantiates additional logic to support it. It was found
that this additional logic could not operate at 125 megahertz. Consequently, there
would have been no beneﬁt in using the memory format shown in Figure 4.4 in
this system.
4.2.3 Results
The total resources used by the system are shown in table 4.5. From it it can be
seen that, even with the architecture used, the memory clock frequency require-
ment is met with a minimal timing margin. Similarly to the system presented in
section 4.1 the most heavily used resource in the design is the embedded RAMs.
Although in this system the LUT utilisation is only slightly less than the embed-
ded RAM utilisation.
4.3 Summary
The implementation of two FPGA video encoding systems has been described.
Both systems used readily available intellectual property provided by the FPGA
manufacturers to provide the video encoder with access to an external memory. In
both cases this proved problematic. The eﬀective bandwidth provided by the IP in
each case only being suitable due to custom modiﬁcations to the encoding system.
In the case of the system presented in section 4.1, a custom memory format was
123used for input frames. In the case of the system presented in section 4.2 the
overall system was speciﬁcally designed around the memory/bus architecture’s
limitations. This is not a surprising result, given the signiﬁcant amount of data
an encoder needs to write to, and read from, external memory.
Another common issue in the two systems is the high utilisation of FPGA
embedded rams. This is unfortunate. The easiest method to reduce an encoder’s
memory bandwidth requirements is to store more data in the embedded RAMs
available on the FPGA. The results presented here suggest that in many cases this
will increase the size of the FPGA required to implement the encoding function.
Thus, making the integration of the encoder into a complete system easier will,
in many cases, increase the size of the FPGA required to implement the system.
124Chapter 5
FPGA H.264 Video Encoder
Power Analysis
In this chapter, the power consumed in an FPGA H.264 implementation is anal-
ysed. It is shown that, with respect to dynamic power consumption, the motion
estimation function consumes the most power even when variable block sizes are
not supported. Given the large computation required by the motion estimation
function this is not an unexpected result. The analysis described in this chapter
was performed to obtain real power consumption values on a commercial FPGA,
to assess the extent which each video compression function contributes to over-
all dynamic power consumption and to determine the best methods to reduce
the dynamic power consumed by 4i2i’s H.264 encoder. 4i2i’s H.264 encoder is
studied, instead of the H.263 encoder used in the previous chapter, to ensure the
result are relevant, from both a technological and business perspective.
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1265.1 Power Estimation Method
To estimate the power consumed by the encoder when implemented on an FPGA,
the Altera Quartus-2 software was used. The Quartus-2 software was also used
to synthesize, place and route, the encoder design on the Cyclone-2 EP70 FPGA
targeted. The encoder studied uses an external memory to store the reference
frames required for motion estimation and to store other information required
during the encoding of a video frame. In common with all encoder implemen-
tations, the encoder studied caches search area data on chip allowing it to be
re-used during the motion estimation stage of adjacent macroblocks in the video
frame. Despite this, the encoder’s external memory bandwidth requirements are
still signiﬁcant. It was therefore considered necessary to estimate the power con-
sumed by the external memory in addition to the power consumed by the FPGA
based video encoder. To do this a Micron SDRAM power model was used. The
complete power estimation method is illustrated in ﬁgure 5.2.
In common with any encoder implementation, the frame rates and resolutions
supported by the encoder studied are dependent on the supplied clock frequency
and the available external memory bandwidth. As the encoder’s clock frequency
is increased its power consumption will also increase. In addition a higher clock
frequency requirement gives the synthesis and place and route tools less scope to
reduce power consumption. In this analysis, the aim is to derive the best possible
power consumption for each frame rate and resolution being considered. There-
fore, the encoder clock frequency was set to the minimum frequency required
to support the frame rate and resolution being considered. For the pipelined
encoder used, the required frequency for each frame rate and resolution can be
derived using equation 2.3. Cp for the encoder studied is 1400 clock cycles.
127Figure 5.2: Method used to estimate power used by H.264 encoding system
While the encoder clock frequency is solely determined by the frame rate and
resolution required, external memory usage, and hence the external memory’s
power consumption, is dependent on the design of the overall system. However,
to simplify the power analysis, only the encoder’s interaction with the external
memory has been considered in this instance. Thus, the power estimates derived
for the external memory and interconnect will only reﬂect the power consumed as
a result of encoder operation. In a practical system the power consumed will be
greater. At a minimum, additional power will be consumed writing input frames
to external memory and reading the H.264 bitstream data from it.
A 32-bit SDRAM is assumed [119]. In order to provide the encoder with
suﬃcient memory bandwidth, it was necessary to clock the memory at a higher
frequency than the encoder. Simulations were used to determine the precise
memory clock frequency required for each frame rate and resolution. This is
128Sequence Resolution F
rame Rate (fps) Encoder Memory
Frequency (MHz) Frequency
(MHz) (Mhz)
Football 352x240 30 17 40
Stefan 352x240 30 17 40
Mobile 352x288 30 17 40
Foreman 352x288 30 17 40
Garden 704x480 30 55 125
Table 5.1: Sequences, frame rates and clock frequencies used
not an uncommon situation. As shown in section 4.2, the minimum memory and
encoder clock frequencies required will typically not be equal. As all input/output
data from the encoder is from embedded RAM, it is relatively simple to switch
clock domains due to the dual port nature of the embedded RAMs on modern
FPGAs. The sequences, frame rates, encoder and memory clock frequencies used
are shown in table 5.1.
5.1.1 Obtaining FPGA Switching Activity Information
As discussed in section 3.2.2, obtaining representative switching activities for an
FPGA design is a non-trivial task. The Quartus-2 software supports a determin-
istic method for estimating switching activity. A Verilog netlist and associated
TCL script are produced by the Quartus-2 netlist writer. The netlist, with an
appropriate testbench, is then simulated using the Modelsim simulator. The
TCL script produced instructs Modelsim to log all transitions which occur on
nets in the design in a Value Change Dump (VCD) ﬁle. This is then parsed by
the Quartus-2 power analyser to obtain estimates for net switching activity, and
subsequently a FPGA power consumption estimate. This method is illustrated
in Figure 5.3
When simulating a large design the size of VCD ﬁle used to log signal transi-
129Figure 5.3: Power estimation ﬂow directly supported by the Quartus-2 toolset
tions can become very large. This made it diﬃcult to simulate the encoder for the
length of time required to obtain realistic switching activity estimates. VCD ﬁle
sizes in excess of one gigabyte were observed when simulating the encoding of just
one frame of a video sequence. More importantly, it was found that the Quartus-2
power analyser would not read the large VCD ﬁles produced reliably. Therefore,
an alternative method was developed to obtain switching activity estimates.
A diagram showing the alternative ﬂow used is shown in Figure 5.4. VCD ﬁles
are not used. Instead net transitions are recorded using the power information
tracking functionality provided by Modelsim [120]. The TCL ﬁle produced by
the Quartus EDA netlist writer is modiﬁed. The modiﬁed TCL ﬁle instructs
Modelsim to track the appropriate nets for power information instead of logging
the net transitions within a VCD ﬁle. At the end of simulation period Modelsim
outputs the power information in a power report ﬁle, an example of which is
shown in ﬁgure 5.5.
The power report ﬁle provides the number of transitions which occur on each
130Figure 5.4: Modiﬁed power estimation ﬂow used
Figure 5.5: Example power report produced by Modelsim
131net. It also provides the time each net is at logic 1 and logic 0. This enables a
better estimate of the static power consumed. More importantly it ensures that
the power estimate of FPGA blocks, such as embedded RAMs, whose dynamic
power is predominantly determined by how often they are enabled is reasonably
accurate.
The net names assigned to equivalent nets in Quartus-2 and Modelsim diﬀer.
The cross reference ﬁle is used to determine the equivalent Quartus-2 net name
for a given Modelsim net name. This ensures that the switching activity and
static probability information derived from the power report ﬁle is assigned to
the correct nets prior to the execution the Quartus-2 power analyser.
When a VCD ﬁle is used to log transitions the time each transition occurs
is stored. This allows the glitch ﬁltering algorithm embedded in the Quartus-2
power analyser to discount transitions which do not result in a full transition on
the output logic and interconnect. Speciﬁc details on the glitch ﬁltering algorithm
used are not available [121]
No timing information is present in the power report ﬁle. It is therefore impos-
sible, when the modiﬁed estimation method is used, to discount the appropriate
transitions after the simulation has ﬁnished. This is a problem. If no glitch ﬁlter-
ing algorithm is applied the power used by the encoder will be signiﬁcantly over
estimated. To solve this problem a crude glitch ﬁltering algorithm is applied. In-
stead of using a transport delay model for the netlist simulation, as recommended
in the Quartus-2 power analyser manual [121], an inertial delay model was used
instead. This underestimates the power consumed by the encoder. The power
consumed by glitches which are shorter than the delay associated with a resource
output will not be modeled. The power consumed by all other transitions, in-
cluding a glitch which lasts longer that delay associated with a resource output,
132will still be taken into account.
5.1.2 SDRAM and Interconnect Power Modeling
The interconnect between the SDRAM and the FPGA was modeled using a simple
lumped capacitance model, with the power consumed in the interconnect being
calculated using equation (3.1). The capacitance C was taken to be 15 pf. This
was based on I/O capacitance ﬁgures from the FPGA and SDRAM datasheets,
and the assumption of a 3pF capacitance per PCB trace. The voltage V was
set to 3.3V in order to be consistent with the SDRAM used and the number of
transitions T was obtained from an RTL simulation as indicated in ﬁgure 5.2. The
power consumed by the SDRAM itself was estimated using a model supplied by
Micron [122]. The usage statistics it requires were obtained from RTL simulations
of the encoder and SDRAM model.
5.2 Results
5.2.1 Validation of Power Estimation Method
To test whether the modiﬁed method for estimating FPGA power consumption
gives result comparable with the standard Quartus method a test design was used.
The test design used was the fractional pixel estimator described in section 7.4.
It contains a mixture of embedded RAMs, multipliers and logic, providing a
reasonable test of the accuracy of the modiﬁed power estimation method. The
standard Quartus method and the modiﬁed method were used to estimate power
of the same Cyclone-2 fractional estimator build. The suzie QCIF sequence was
used as input to the test design. A sequence with a larger resolution was not
133Figure 5.6: Comparison of static and dynamic power used using diﬀerent estima-
tion methods
used due to the Quartus-2 power analyser’s inability to process large VCD ﬁles
reliably.
Figure 5.6 compares the overall dynamic and static power consumption ﬁgures
for the test design for four test cases, the standard Quartus method without glitch
ﬁltering, the standard Quartus method with glitch ﬁltering, the modiﬁed method
using transport delays and the modiﬁed method using inertial delays. From
Figure 5.6, it can be seen that the static power estimate is not dependent on the
estimation method used. This is to be expected given that glitch ﬁltering will
not signiﬁcantly eﬀect the time a LUT output is at logic 1 or logic 0.
134The dynamic power estimates do vary signiﬁcantly. In the two cases where no
glitch ﬁltering is used, the dynamic power estimate is 30% to 40% greater than
the two cases where a glitch ﬁltering algorithm is employed. Given that a large
proportion of this power will not be consumed in practice, using a glitch ﬁltering
algorithm is clearly justiﬁed. The modiﬁed method, when glitch ﬁltering is used,
gives a slightly lower power estimate than the standard Quartus method. This
can be attributed to the diﬀerent glitch ﬁltering algorithms used.
Altera claims that that standard Quartus power estimation method, with
glitch ﬁltering enabled, has an error of +/- 20% when compared to “real world”
power measurements [123]. The results given show that the modiﬁed method
used produces a slighly lower power estimate than the standard Quartus method
for the test design analysed. The diﬀerence between the two methods could
potentially be greater, particularly if a design contains a large proportion of
circuit elements which are prone to glitching. However, the majority of of encoder
sections analysed here are similar to the test design analysed. Thus, the results
presented should be of a similar degree of accuracy to those provided by the
Quartus tool.
5.2.2 Overall Results
The total power ﬁgures for each sequence are shown in table 5.2. As would
be expected, there is a marked increase in power consumed as the size of the
encoded sequence is increased. The power consumption distribution, between
the FPGA, SDRAM, and interconnect, for each sequence is shown in Figure 5.7.
From Figure 5.7 it can be seen that when encoding small sized sequences the
power consumed in the FPGA dominates, consuming over 70% of the total system
power. In contrast, for the larger garden sequence, the FPGA consumes less
135Sequence Quantisation Power Consumed (mW)
SDRAM IO FPGA Static FPGA Dynamic Total
Football
6 86 18 225 78 407
20 86 17 225 77 404
30 86 15 225 74 400
Stefan
6 86 16 225 76 402
20 86 15 225 73 399
30 86 14 225 73 398
Mobile
6 98 20 225 94 436
20 98 19 225 91 432
30 98 18 225 90 430
Foreman
6 98 21 225 89 433
20 98 20 225 88 431
30 98 12 225 85 427
Garden
6 312 70 225 297 904
20 312 67 225 292 896
30 312 63 225 287 887
Table 5.2: Power consumed encoding each sequence
then 60% of the total system power. This diﬀerence is a result of the high
amount of static power consumed by the FPGA, approximately 225 mW. As the
size of the sequence being encoded increases, the FPGA static power becomes
less signiﬁcant as the dynamic power consumed in the FPGA, SDRAM, and
interconnect increases.
The FPGA static power for each sequence was estimated at a temperature
of 25 ◦C. There were only minor variations between the static power consumed
encoding each sequence. If the estimation process is repeated at 85 ◦C, the limit
of the FPGAs temperature operating range, the FPGA static power is much
greater, approximately 335 mW. It is clear from these results that FPGA static
power cannot be ignored. However, the only direct way of reducing it at the
application level is to reduce the size of the FPGA the application, in this case
video encoding, requires. That said, reducing the dynamic power consumed in
136Figure 5.7: Overall power consumption distribution for each sequence
the FPGA will indirectly aﬀect the static power consumed by the FPGA, as it
will reduce the temperature the FPGA operates at in a particular environment.
5.2.3 FPGA Power Consumption
Power By Encoder Function
The dynamic power consumed in the FPGA by each encoder function is shown in
Figure 5.8. A description of the various functions is given in table 5.3. The results
shown in Figure 5.8 are when a quantisation parameter of 6 was used. There was
negligible variation in the proportion of power consumed by each function when
diﬀerent quantisation parameters were used. Complete power results per encoder
function are given in Appendix D
137Figure 5.8: Distribution of FPGA dynamic power per encoder function
138Encoder Function Description
Full pixel motion This preforms the full pixel motion estimation
estimation function required by a H.264 video encoder. In this
encoder a log search algorithm is used. Two reference
frames are used, thus to implement this function two
search memories blocks and two motion estimator blocks
are used. Only a block-size of 16 by 16 is supported.
Fractional pixel motion This performs the interpolation and fractional search
estimation functions required by a H.264 video encoder. The full
fractional search algorithm is used. The fractional
estimation process is performed on one reference
frame.
Infrastructure rams Embedded rams required to support encoder operation
which are not directly attributable to a single
encoder function.
Intra Prediction This performs the intra prediction function required
required by an H.264 video encoder. Only 4x4 intra
prediction modes 0-3 are supported.
Loop ﬁlter This performs the loop ﬁltering operation as deﬁned
in the H.264 standard.
Forward transform and This performs the forward transform and quantisation
quantisation functions required by an H.264 video encoder.
Variable length encoding This performs the CAVLC algorithm required by a H.264
video encoder.
Inverse transform and This function performs the inverse transform and
quantisation quantisation operation as deﬁned in the H.264 standard.
Intra/Inter Mode This function determines whether a macroblock is
decision encoded using an intra prediction mode or an inter
prediction mode.
Reconstruction This function performs the addition operation required to
obtain reconstructed pixels from the result of the inverse
transform and quantisation operation.
Control Components These functions schedule the loading of data from
external memory and control the operation of the other
parts of the encoder.
Table 5.3: Description of the various encoder functions
139From Figure 5.8, it can be seen that the two motion estimation functions (full
pixel and fractional pixel) consume the most power. When combined these two
functions account for approximately 50% of the total dynamic power consumed
in the FPGA. The full pixel estimator alone accounting for 33% of the total
dynamic power. The full pixel motion estimator in the encoder studied uses a log
search algorithm, 2 reference frames, and uses only one block size, 16x16. This
is a low complexity motion estimation conﬁguration. It requires a minimum of
38400 subtraction, addition, absolute and comparison operations per macroblock,
compared to over 1.6 million if the basic full search algorithm was used (assuming
a square search range of 32 by 32 pixels). If a more complex, higher performance
motion estimation algorithm was used the proportion of power consumed by the
full pixel motion estimator would increase even further.
The full fractional search algorithm is used by the fractional pixel motion
estimator. The fractional estimation process is only performed using one reference
frame. The decision on which reference frame is used is made using the full
pixel estimation results. If the reference frame used was based on the fractional
search results, as in the JM reference model, the fractional search algorithm would
consume more power than the full pixel motion estimator. This shows that, when
less complex algorithms are used for full pixel motion estimation, the power used
by the fractional search becomes more signiﬁcant.
The infrastructure RAMs are those which are required to support pipeline
operation but are not directly attributable to a single encoder function. Combined
they are the third most signiﬁcant source of power consumption in the encoder.
The main component of the infrastructure RAM power consumption is the input
RAM. This consumes approximately 40% of the total infrastructure RAM power
consumption. The input RAM is used by the two motion estimator functions
140and the intra prediction function. This further emphasises the importance of the
motion estimation algorithm and architecture, with respect to overall dynamic
power consumption. Further discussion of embedded RAM power consumption
is given in the next section.
The encoder uses a fast mode decision algorithm to determine if intra pre-
diction is required. However, in the version of the encoder analysed this is not
taken advantage of to reduce power consumption. Thus, intra prediction requires
approximately 10% of the dynamic power consumed by the encoder. A large
proportion of this power consumption could be saved if the intra prediction logic
was disabled when it was known that its results would not be used. The saving
would be more signiﬁcant if all the 4x4 intra prediction modes were supported as
opposed to only modes 0 to 4, which are supported currently.
The other encoder functions in total consume approximately 25% of the power
consumed by the encoder. This suggest that reducing the power in any single one
of these functions will not, by itself, have a signiﬁcant impact on overall encoder
power consumption.
Embedded RAMs
The overall results shown in table 5.2 apply when each embedded RAM is enabled
only when data is being read from it or written to it. If all the embedded RAMs
used are permanently enabled, as was the case initially, they consume a much
greater amount of power. Figure 5.9 compares the dynamic power consumed by
the embedded RAMs when they are enabled as necessary, and when they are
enabled permanently.
Figure 5.9 show how signiﬁcant embedded RAM power consumption can be
in a pipelined encoder. If permanently enabled, 60% of the dynamic power con-
141Figure 5.9: Embedded ram power consumption
142sumed by the FPGA encoder is consumed within the embedded RAM blocks.
Even when enabled as necessary, 35% of the total dynamic power is consumed
within them. This is not surprising given the large number of embedded RAMs
typically used in a pipelined encoder design. Generating the appropriate signals
to enable/disable each embedded RAM incurs minimal resource costs. Given this,
appropriate embedded RAM enable signals should be present even when power
is not a key design concern. When power is a key design concern the RAM power
reduction techniques described in [54] could be used to reduce the proportion of
power consumed by the embedded RAMs even further. In general, these were
not applied here. Although the eﬀect of applying these techniques to the search
memory is examined in the next section.
Motion Estimation
Due to the signiﬁcance of the full motion estimation function to overall FPGA
dynamic power consumption, this component was studied further. While requir-
ing a minimal number of operations, the log search algorithm cannot, in common
with many other fast search algorithms, re-use the search area data as eﬃciently
as the full search algorithm. Thus, the search area memory buﬀer consumes ap-
proximately 70% of the power consumed by the full pixel motion estimator as
shown in ﬁgure 5.10.The results used to generate ﬁgure 5.10 are shown in ta-
ble 5.4.
This is not an unexpected result, a number of studies have noted the signiﬁ-
cance of the power consumed by the search area memory with respect to ASICs.
Fast search algorithms, which attempt to increase search area data reuse, and
hence reduce search RAM power consumption, have also been proposed [52].
However, these algorithms have generally been focused on ASIC design. The
143Figure 5.10: Distribution of power between search memory and motion estimator
unit
Sequence Search Memory(mW) Motion estimator Unit(mW)
Football 6.33 3.56
Stefan 6.18 3.33
Mobile 7.72 4.35
Foreman 7.48 3.94
Garden 24.32 13.7
Table 5.4: Power consumed by search memory and motion estimator block
144results presented thus far suggest they could also be of use in FPGAs.
However, these results were determined with all the embedded RAMs (32
M4Ks) used for the search memory being read on each clock cycle. This does
not have to be the case. As shown in [54], only the number of embedded RAMs
needed to provide the output bit width required must be read in each clock cycle.
The motion estimator unit used requires a 32 bit data input. Therefore the
memory must have a 32 bit output bit width. This requires a minimum of two
M4Ks to be enabled per clock cycle. This would however require a 16-to-1 output
multiplexer to select the appropriate M4K outputs. Other combinations, where
more embedded RAM are enabled, but a smaller output multiplexer is required
could also be used.
As an experiment, a new log search estimator was implemented. This sup-
ported a search range of 16x16 thus requiring a smaller number of embedded
rams (8 M4Ks). The search memory was implemented using a 4 to 1 multiplexer.
Thus, only two embedded RAM blocks required to be active at any one time to
provide the motion estimator unit with the 32-bit input it requires.
While the motion estimator unit used in this experiment was a diﬀerent design
to that used initially, there were negligible diﬀerences in the power each of the
motion estimators consumed. The power used by the search memory however
was reduced substantially as shown in table 5.5. This substantially modiﬁes the
distribution of power between the search memory and motion estimator unit as
shown in Figure 5.11
From the results it would appear that the power used by the search memory
can be reduced signiﬁcantly at relatively little cost. Only when there is a large
search area, requiring a large numbers of embedded memories to implement it,
will the size of the multiplexer required be a substantive issue. For a low power
145Sequence Search Memory(mW) Modiﬁed Search Memory(mW)
Football 6.33 0.95
Stefan 6.18 0.92
Mobile 7.72 1.16
Foreman 7.48 1.09
Garden 24.32 3.76
Table 5.5: Power consumed by search memory and modiﬁed search memory
Figure 5.11: Distribution of power between modiﬁed search memory and motion
estimator unit
146FPGA motion estimator therefore, the search area data reuse a motion estimation
algorithm/architecture provides should be considered of secondary importance to
the number of estimation operations the algorithm/architecture requires.
5.2.4 IO/SDRAM Power Consumption
The encoder uses the level-C data reuse scheme. Therefore, each reference mac-
roblock must be loaded up-to 5 times to support the vertical search range of 32
pixels used. As two reference frames are used, ten reference macroblocks must be
loaded per encoded macroblock. As a result, 65% of the IO power is consumed
loading search memory data into the FPGA as shown in ﬁgure 5.12. A similar
percentage of the power used by the SDRAM internally is also consumed loading
the search memory data into the FPGA. Complete power results for the IO and
SDRAM are given in Appendix D
Given this, the level-D data reuse scheme discussed in section 2.3.2 would
appear to oﬀer a substantial power reduction. In this system it would reduce
the power used loading search memory data into the FPGA by almost 80%, and
reduce the total IO/SDRAM power used by approximately 50%. Oﬀsetting this
saving would be an increase in power used by the embedded RAMs on the FPGA.
It is also worth considering that the large number of embedded RAMs required
to implement the level-D data reuse scheme may force a larger FPGA to be used
to implement the encoder. This will increase the static power consumption, and
further mitigate the power savings form using the level-D data reuse scheme.
If a smaller search range of 16 pixels and only one reference frame was used,
loading the search memory data would consume approximately 35% of the total
SDRAM/IO power consumption. The other load and store operations becoming
more signiﬁcant. Of these, the output frame save and load operations could
147Figure 5.12: Distribution of IO power consumption in encoder
148be relatively easily eliminated. In the encoder analysed the loop ﬁlter operates
independently, loading and saving all frame data it requires directly from external
memory. If the loop ﬁlter accepted data directly from the end of the encoder
pipeline, there would be no need for the output frame load and save operations.
The size of the loop ﬁlter load operation could also be reduced. The loop ﬁlter
would still require some data to be loaded however as a result of it needing to
ﬁlter across macroblock boundaries. In addition a line of output pixels would
need to be stored internally within the FPGA to provide the data required for
intra prediction.
5.3 Summary
The power consumption of an H.264 encoder implemented on an FPGA has been
analysed. It has been shown that static power is signiﬁcant in an FPGA and can-
not be ignored especially when encoding low resolution sequences. With regard
to FPGA dynamic power consumption it has been shown that the motion estima-
tion function consumes the most power. The full pixel motion estimation function
consuming 33% of the total dynamic power consumption, in the encoder studied.
The fractional pixel motion estimation function consuming approximately 17%
of the total dynamic power consumption, in the encoder studied.
It was also shown that, the dynamic power consumed by embedded RAMs
can be signiﬁcant in an FPGA based video encoder but, by using simple, low
cost, techniques, this source of power consumption can be reduced substantially.
Embedded RAM power consumption was further studied in the context of the
full pixel motion estimation function. It was shown that, as a result of reducing
the power consumed by the search memory, it is the motion estimator itself which
149consumes the majority of power in an FPGA implementation. This is a distinct
diﬀerence compared to ASIC implementations, where the power consumed by the
search memory can be signiﬁcant.
As well as consuming the greatest amount of power internally within the
FPGA, a substantial part of the power used communicating with external memory
is also attributable to the motion estimation function. This is a result of the
large amount of reference frame data needed for the motion estimation function.
Overall, the results clearly justify focusing on the motion estimation function,
when attempting to reduce the dynamic power consumed by a FPGA based
video encoder.
150Chapter 6
Using adaptive propagation to
reduce the power used by an
FPGA video encoder’s memory
bus
In this chapter an algorithm is proposed to reduce the power consumed by an
FPGA video encoder’s external memory bus. As shown in chapter 5 this repre-
sents a substantial proportion of the power consumed by an FPGA based H.264
video encoder. The algorithm reuses the results of the intra prediction process
required in an H264 video encoder. As such the algorithm is speciﬁc to video
encoding. However, it can also be used in conjunction with other more generic
bus encoding algorithms.
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Figure 6.1: Estimated switching probability for various unencoded sequences.
The probability of the MSB (bit 7) switching is much less than the probability
of the LSB (bit 0) switching
6.1 Algorithm
It is well known that the switching activity associated with video, and other
multimedia data, varies dramatically between the least and most signiﬁcant bits
[124]. For typical unencoded video sequences the probability of the least signiﬁ-
cant bit switching is approximately 0.5. The probability of the most signiﬁcant
bit switching is closer to zero, its actual value being sequence dependent. For the
other bits there is a gradual decrease in switching activity as the signiﬁcance of
the bit in question increases as shown in Figure 6.1.
The switching activity probabilities shown in Figure 6.1 were estimated by
reading the ﬁrst 100 frames of each sequence on a row by row basis. If the frames
are read on a column by column basis diﬀerent estimates are obtained, as shown
in Figure 6.2. This indicates that altering the direction used to read or process the
image data can have an eﬀect on switching activity and hence power consumption.
152Figure 6.2: Percentage increase in switching activity for the unencoded and var-
ious encoded versions of the suzie sequence when data is read in the vertical
instead of the horizontal direction
The signiﬁcance of any potential power saving increases when encoded images are
considered. The transform and quantisation operations used in H.264 reduce the
switching activity on the least signiﬁcant bits. As shown in Figure 6.2, the least
signiﬁcant bits are less aﬀected by altering the propagation direction. In addition,
the transform and quantisation operations tend to remove those transitions least
likely to be aﬀected by a change in propagation direction. This accounts for the
larger eﬀect altering the direction of propagation has on the least signiﬁcant bit
switching activity of encoded sequences, as shown in Figure 6.2.
The variation in switching activities shown in Figure 6.2 is a direct result
of each sequence having diﬀering spatial correlations in the horizontal and ver-
tical direction. In H.264, to improve compression performance for intra coded
macroblocks, intra prediction is used to take advantage of any spatial correlation
present in the sequence being encoded. The results of the intra prediction stage
153can be used to provide an indication of which direction has maximum spatial cor-
relation, and therefore minimum switching activity. Hence the intra prediction
results can be used to determine the direction to propagate a macroblock in or-
der to minimise the number of transitions which occur when it is saved to/loaded
from external memory. The beneﬁt of using the intra prediction results to make
the propagation direction decision is that the decision can be made with minimal
additional cost, in terms of both power and area.
In total there are 13 intra prediction modes deﬁned in the H.264 standard;
9 4x4 modes and 4 16x16 modes [20]. In development of the algorithm only
the results of the horizontal and vertical prediction modes have been considered
as it would be diﬃcult, and costly, to design hardware to support less regular
propagation directions. The propagation direction decision could be made at
either the frame level, where each macroblock in a frame is propagated in the
same direction, or at the macroblock level, where each macroblock’s propagation
direction is determined independently. Making the decision at the frame level
oﬀers a cost advantage. However, the greatest reduction in transitions is achieved
if the decision is made at the macroblock level. This is a result of the macroblocks
in each frame have diﬀering spatial characteristics.
The vertical and horizontal 16x16 and 4x4 intra prediction modes are shown
in Figure 6.3. In the two 16x16 modes each complete macroblock is compared
against either the 16 pixels above or the 16 pixels to the left. In the two 4x4 modes
each 4x4 sub-block is compared against either the 4 pixels above or the 4 pixels
to the left. If attempting to directly determine the best propagation direction
for a macroblock adjacent vertical and horizontal pixels would be compared.
Given this, the results of the 4x4 modes are more appropriate to use because the
maximum distance between the pixels being compared is 4 pixels, as opposed to
154Figure 6.3: 16x16 and 4x4 vertical and horizontal luma prediction modes in
H.264.
16 for the 16x16 intra prediction modes. In order to determine the direction in
which to propagate a complete macroblock however, it is necessary to combine
the individual 4x4 block distortion measures. This creates an additional cost
which must be considered.
Algorithm 6.1 Algorithm used to determine the propagation direction from the
4x4 intra prediction results
DMvi is the 4x4 vertical distortion measure for sub-block i
DMhi is the 4x4 horizontal distortion measure for sub-block i
if Σi=15
i=0 DMvi < Σi=15
i=0 DMhi then
propagation direction=vertical
else
propagation direction=horizontal
end if
The algorithm used to determine the propagation direction for a macroblock
when the 4x4 intra prediction results are used is shown in algorithm 6.1. If
the 16x16 intra prediction results are used no extra calculations are required.
However a comparison, between the 16x16 vertical and 16x16 horizontal intra
prediction result, is still needed. Note that in this chapter the Sum of Absolute
155Diﬀerences is used as the distortion measure. A 32-bit memory bus has been
assumed, resulting in the propagation orders shown in Figure 6.4.
There are a number of other generic bus encoding algorithms which have
been proposed. Two such algorithms are bus invert [125] and value based map-
ping(VBM)/diﬀerence based mapping(DBM) [126]. The proposed propagation
direction reordering algorithm can be used in combination with these other algo-
rithms to provide a larger reduction in transitions.
For the DBM/VBM algorithm, this eﬀect can easily be explained. This al-
gorithm is designed to operated on correlated input data. However, to limit
encoding complexity, and the power used performing the encoding operation,
it only considers the lag-1 correlation. By using the intra prediction results to
adaptively change the propagation direction, the lag-1 correlation on the data
inputted to the DBM/VBM encoder is increased. Hence, a greater reduction in
transitions occurs as a result.
The bus invert algorithm is sub optimal for the correlated video data being
considered. Using a partial bus invert algorithm provides a greater reduction in
transitions. Finding the optimum selection of bits to be inverted is an intractable
problem [16]. Most beneﬁt is derived when the bus invert algorithm is applied to
bus lines whose switching activity is large and/or uncorrelated. In this chapter
the bus invert algorithm is applied to the 4 least signiﬁcant bits of the 8 bit pixel
data. By applying the adaptive propagation algorithm in addition to the partial
bus invert algorithm, the total number of transitions on the MSB bus lines are
also reduced. The result is a larger overall transition reduction.
156Figure 6.4: Horizontal (top) and vertical (bottom) propagation orders for a mac-
roblock. Each word is 32 bits (4 pixels) wide
1576.2 Bus Encoder/Decoder Implementation
There is a practical issue using bus encoding algorithms such as DBM/VBM
and bus invert with commodity memory devices that do not have built in bus
encoding/decoding hardware [127]. Nearly all bus encoding algorithms rely on
knowledge of the previous bus value to determine the current bus value. The
codeword value is dependent on the context in which it was encoded. It is diﬃcult
to use such algorithms with commodity memory devices because, to obtain the
expected transition reduction, the data must be read in the same context it was
saved. For the DBM/VBM algorithm, the data cannot even be correctly decoded
if it is read in a diﬀerent context to which it was written.
The issue of context is a problem for the video compression speciﬁc bus encod-
ing proposal given in [128]. This uses DBM/VBM, but to exploit the correlation
between multiple reference frames, encodes/decodes one reference frame in the
context of another. If used with a commodity memory device, encoding reference
frames in this way makes it impossible to access them on an individual basis.
Thus it would be impossible to use the proposal given in [128] with commodity
memory devices. In general, the context issue is mitigated in video compression
systems because the video data is typically saved and loaded in macroblock sized
chunks. Each word written to memory is loaded in the same context in which it
was saved.
Nearly all bus encoding studies have been focused on ASICs. Implementing
bus encoding techniques on FPGAs is challenging due to the high power cost
associated with FPGA logic. The power used to implement the bus encoding
and decoding operations can frequently outweigh the power saved by reducing
the transitions on the bus. Only the authors of [129] have studied bus encoding
158Figure 6.5: DBM/VBM Encoding Process
speciﬁcally on FPGAs. The results given in [129] indicate that for their chosen
FPGA (A Virtex Device) their algorithm and architecture would not result in
an overall power saving for realistic bus capacitance values. In this section,
the implementation of DBM/VBM encoder architecture is pursued because as
shown in section 6.3.1, this algorithm in combination with the proposed adaptive
propagation algorithm provides the greatest reduction in transitions.
6.2.1 DBM/VBM Algorithm Overview
The DBM/VBM algorithm is speciﬁcally designed to reduce transitions on corre-
lated input data [126]. A diagram of the DBM/VBM encoding process is shown
in Figure 6.5. Diﬀerence Based Mapping is the ﬁrst stage of the encoding pro-
cess. The purpose of this stage is to remove the redundancy, present in the input
data. The DBM algorithm does this by computing the diﬀerence between the
previous input value and the current input value. The diﬀerence is then mapped
to a positive value within the range 0 to 2N − 1, where N is the bit width of the
input data.
The second stage, Value Based Mapping, can be viewed as an entropy en-
coding process. The aim being to reduce the number of transitions on the VBM
159Input Output
000 000
001 001
010 010
011 100
100 011
101 101
110 110
111 111
Table 6.1: VBM codetable for a bit width of 3
output instead of reducing the output bitrate, as would be the aim in conven-
tional entropy encoding. The XOR gate and register convert any logic 1 produced
by the entropy encoder into a transitions on the output bus. To minimize the
number of transitions the entropy encoder matches the number of bits in the
output word with logical value of 1 to the probability of an input word occurring.
The greater the probability of an input word occurring, the fewer the number of
logic 1 bits in the output word. VBM assumes that the probability of an input
word occurring decreases as the value of that word increases. Thus, for VBM
the number of ones in the output word increases as the value of the input word
increases. The VBM code table for a bit width of 3 is shown in table 6.1. The
DBM/VBM decoding process is simply the inverse of the encoding process. More
details on the DBM/VBM encoding algorithm are given in [126]
6.2.2 DBM/VBM Implementation
As previously stated a memory bus width of 32 bits has been assumed. This
does not require a DBM/VBM encoder and decoder which supports 32-bit oper-
ation. The hardware required would be too complex. More importantly it would
oﬀer little beneﬁt because the video data will only be correlated, and hence the
160Figure 6.6: Simpliﬁed diagram of a DBM encoder
DBM/VBM coding scheme eﬀective in reducing transitions, if it is considered in
segments which have a bit width which is less than or equal to the pixel bit width
(8 bits).
DBM is primarily an arithmetic operation. As such it can be eﬃciently im-
plemented using the optimised carry chain logic present in the Cyclone-3 FPGA
used. A diagram of the implementation is shown in Figure 6.6. Not shown
on the diagram are the control inputs to the 4 to 1 multiplexer. Sel(0) is
one if In(t) ≥ In(t − 1) else it is zero. Sel(1) is one if |In(t) − In(t − 1)| >
(In(t − 1) ⊕ MSB(In(t − 1)) else 0. The DBM decoder is implemented in a
similar way.
An algorithm for implementing the VBM operation is given in [126]. Im-
plementing this algorithm would require either multiple clock cycles per result
(up to the number of bits in the VBM input/output), or a signiﬁcant block of
combinatorial logic without any registers. Both options are undesirable as they
would have a large impact on an overall system, either by reducing the available
memory bandwidth, or, by reducing the clock rate the system can operate at.
Therefore, only direct combinatorial implementations have been considered.
161Figure 6.7: Diﬀerent DBM/VBM Encoding Structures Implemented, 8-bit
DBM/8-Bit VBM and 8-bit DBM/4-bit VBM. The decoding structures are sim-
ilar.
The critical parameter in a direct combinatorial implementation is the bit
width of the VBM encoder used. As already mention the maximum useful width
is 8 bits. Directly implementing an 8-bit VBM encoder requires signiﬁcant logic
resources, as it requires the eight 8-bit functions to be implemented. A 4 bit
VBM encoder can be implemented much more eﬃciently as each output bit can
be produced using only 1 LUT. However, reducing the width of the VBM encoder
increases the transitions on the output bus. However, since the overall aim of
the encoding process is to reduce the total power used this may not be a great
disadvantage given the much higher resource, and hence power cost, of 8-bit
VBM encoding. Two DBM/VBM encoding/decoding structures were therefore
implemented. One using 8-bit DBM and VBM encoders, the other using 8-bit
DBM encoders and 4-bit VBM encoders. A diagram of each structure is shown
in Figure 6.7.
1626.3 Results and Discussion
6.3.1 Adaptive Propagation Algorithm
To initially test the algorithm’s performance it was implemented into the JM
12.2 Reference Encoder [130]. The number of transitions when each macroblock
was propagated vertically, horizontally and adaptively based on the 4x4 intra
prediction algorithm described was then measured. The results given are the
average across the ﬁrst 100 frames of each sequence
Figure 6.8 shows the percentage reduction in transitions when the adaptive
propagation algorithm is used compared to when both ﬁxed horizontal, and ﬁxed
vertical, propagation are used. For this experiment, the sequences used were
encoded using a constant quantisation parameter (see section 2.1.2) of 30. For
all sequences the adaptive propagation algorithm reduces the number of tran-
sitions. The extent of the reduction is to a large degree, sequence dependent.
The largest reduction in transitions occurs for sequences which contain a mixture
of horizontally and vertically correlated macroblocks, such as hall monitor, paris
and oﬃce. For these sequences, adaptively changing the propagation direction on
a per macroblock basis provides a signiﬁcant reduction in transitions compared
to when either ﬁxed horizontal or ﬁxed vertical propagation is used. For other
sequences where the majority of macroblocks are either vertically or horizontally
correlated, such as riverraft and suzie, the adaptive propagation algorithm only
provides a small reduction in transitions compared to using the best ﬁxed prop-
agation direction. However, in both cases the adaptive algorithm oﬀers a signiﬁ-
cant reduction compared to when the worst ﬁxed propagation direction is used.
For the rest of the analysis the adaptive algorithm is compared only to ﬁxed
horizontal propagation, the best ﬁxed propagation direction for the sequences
163Figure 6.8: Percentage reduction in transitions using adaptive propagation com-
pared to ﬁxed horizontal and ﬁxed vertical propagation
164Figure 6.9: Percentage reduction in transitions compared to horizontal propaga-
tion when the 4x4 and 16x16 intra prediction results are used
studied.
Figure 6.9 compares the transition reduction achieved using the 4x4 intra pre-
diction results and 16x16 intra prediction results. A quantisation parameter of
30 was again used to encode the images. Apart from two sequences, missamerica
and hall monitor, using the 4x4 intra prediction results within the adaptive algo-
rithm causes a larger reduction in transitions. More signiﬁcantly for the football,
table and riverraft sequences using the 16x16 intra prediction results actually
causes an increase in transitions. The worst case being the table sequence. For
this sequence using the 16x16 intra prediction results causes a 1.5% increase in
transitions compared to when ﬁxed horizontal propagation is used.
Figure 6.10 shows the eﬀect varying the quantisation parameter has on the
percentage reduction in transitions achieved by the proposed algorithm. The
percentage reduction in transitions does increase as the quantisation parameter
increases. At higher quantisation levels, this eﬀect is oﬀset by the inaccuracy
165Figure 6.10: Percentage reduction in transitions compared to horizontal propa-
gation for a range quantisation parameters
of the intra prediction results. The intra prediction process is performed on
unencoded macroblocks. However, it is encoded macroblocks which are saved to
and loaded from external memory. The proposed algorithm implicitly assumes the
unencoded and encoded macroblocks will be similar. When a high quantisation
parameter is used there is the potential for this assumption not to hold and an
incorrect propagation decision to be made. For sequences where the adaptive
algorithm does not oﬀer an inherent beneﬁt, such as riverraft, this eﬀect can
result in the adaptive algorithm increasing transitions. This only occurs at when
the quantisation parameter is set to a very high value, and consequently the
encoded images are of very low quality.
The eﬀect of using the proposed algorithm with DBM/VBM encoding and
bus invert encoding is shown in ﬁgures 6.11 and 6.12. For these experiments a
166Figure 6.11: Percentage reduction in transitions (compared to ﬁxed horizontal
propagation), using partial bus invert encoding with and without the proposed
adaptive propagation algorithm
constant quantisation parameter of 30 was used. The results show that using the
proposed algorithm in combination with either partial bus invert or DBM/VBM
encoding provides a greater reduction in transitions than using bus invert or
DBM/VBM encoding alone. The performance improvement is most notable when
partial bus invert encoding is used. Using the adaptive propagation algorithm
with bus invert encoding more than doubles the transition reduction achieved
for sequences where the adaptive propagation algorithm alone oﬀers a signiﬁ-
cant beneﬁt. Despite this improvement, partial bus invert encoding still oﬀers a
smaller reduction in transitions than DBM/VBM encoding.
The performance improvement provided by the adaptive propagation algo-
rithm is less notable when DBM/VBM encoding is used. With DBM/VBM
encoding the number of transitions only decreases if the diﬀerence between con-
secutive input values is increased by set amounts, dependent on the size of the
167Figure 6.12: Percentage reduction in transitions(compared to ﬁxed horizontal
propagation) using DBM and 8-bit VBM encoding with and without the proposed
adaptive propagation algorithm
VBM encoder used. Thus when an 8-bit VBM encoder is used, the impact of in-
creasing the lag1-correlation using the proposed adaptive propagation algorithm
is limited. However in the best case, using adaptive propagation still provides
an additional 10% reduction in transitions. If a 4 bit VBM encoder is used the
impact of adaptive propagation is greater as shown in Figure 6.13. The adaptive
propagation algorithm providing upto a 15% reduction in transitions.
6.3.2 DBM/VBM Implementation Results
The resources used by both the 8-bit DBM/8-bit VBM and 8-bit DBM/4-bit
VBM structures are shown in Table 6.2. From Table 6.2 it can be seen that the
4-bit VBM structure requires approximately half the resources of the 8 bit VBM
structure. A near 50% resource saving is obtained for an average 20% increase in
transitions.
168Figure 6.13: Percentage reduction in transitions(compared to ﬁxed horizontal
propagation) using DBM and 4-bit VBM encoding with and without the proposed
adaptive propagation algorithm
Structure LUTs Registers
8-bit DBM/8-bit VBM 696 64
8-bit DBM/4-bit VBM 348 64
Table 6.2: Resources used by the diﬀerent DBM/VBM Structures Implemented
169To estimate the power used performing the bus encoding and decoding oper-
ations the Quartus 2 power analyser was used. The power simulations performed
to provide input data for the analyser modeled how the encoder/decoder hard-
ware would be used in a video compression system. As such, the bus encoder
encoded macroblocks once. The bus decoder decoded macroblocks multiple times
to reﬂect the typical reference frame data reuse strategy employed by a FPGA
video encoder (see section 2.3.2). For this study, the video compression system
is assumed to have a search range of 16 in both the horizontal and vertical di-
rection, therefore each macroblock was read from memory and decoded 3 times.
The clock frequency used during the simulations was 50 megahertz, and the video
frame rate was assumed to be 30 frames per second in each case. The results are
shown in table 6.3. From table 6.3, it can be seen that there is a substantial power
saved when a 4-bit VBM implementation is used compared to an 8 bit VBM im-
plementation. This is a result of the 4 bit VBM implementation requiring both
less logic resources and less interconnect resources.
To estimate the power consumed on the memory bus, and hence the total
power used, the formula given in equation (3.1) is used. In this study the result
given by equation (3.1) is multiplied by four. This is reﬂect the assumption that
the level-C data reuse scheme is used with a vertical search range of +/- 16 pixels.
Figure 6.14 shows the total power consumed as a function of bus capacitance on
a 2.5V and a 1.8V bus for the paris sequence using a quantisation parameter of
30.
From the graphs it can be observed that using DBM and 8-bit VBM encoding
uses too much power to be useful in the majority of circumstances. Using DBM
and 4-bit VBM encoding in addition to propagation reordering does result in a
power saving. However, this is only for a 2.5V bus with a relatively high bus
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171Sequence Quant VBM 4-Bit VBM 8-Bit
Table (QCIF)
6 0.28 0.78
20 0.28 0.72
30 0.24 0.63
40 0.19 0.49
Suzie (QCIF)
6 0.3 0.76
20 0.28 0.72
30 0.25 0.65
40 0.22 0.56
Football (SIF)
6 0.76 2.09
20 0.71 1.95
30 0.63 1.74
40 0.39 1.12
Paris (CIF)
6 0.89 2.49
20 0.86 2.39
30 0.76 2.16
40 0.61 1.76
Table 6.3: Total power used performing the bus encoding and decoding operations
(mW)
capacitance. Using solely adaptive propagation results in a power saving in all
circumstances. This is under the assumption that it requires negligible power to
implement. This is not realistic. Making the propagation direction decision will
require some power, as will the reordering operation itself. The exact cost will
be dependent on the video compression architecture used. The adaptive propa-
gation algorithm’s implementation into a pipelined video compression system is
considered in chapter 7.
6.4 Summary
In this chapter an algorithm to reduce the power used by an H.264 encoder’s
memory bus has been proposed. By reusing the intra prediction results to adap-
tively the change the propagation order each macroblock is written to and loaded
172from memory the number of bus transitions can be reduced by up to 20%. How-
ever the performance of the algorithm is heavily dependent on both the sequence
and quantisation parameter used.
It has been shown that the proposed algorithm can work in conjunction with
both the partial bus invert and DBM/VBM bus encoding algorithms. Combining
adaptive propagation and DBM/VBM encoding provides the greatest reduction
in transitions. However, results indicate that this scheme is probably of limited
practical use in an FPGA. This is due to the relatively large amount of power
used in performing the DBM/VBM encoding and decoding operations.
The cost of implementing the proposed algorithm is dependent on the overall
architecture of the video compression system, as discussed in chapter 7.
173Chapter 7
Integration of the adaptive
propagation algorithm into a
pipelined video encoder
In this chapter, the implications of implementing the algorithm proposed in chap-
ter 6 within a pipelined encoder architecture are considered. Both a full search
variable block size motion estimator and full fractional search motion estimator
are designed. Results are given showing that as well as reducing the power used
accessing the external memory, the proposed algorithm can also be used to reduce
the dynamic power consumed by both the full and fractional pixel motion esti-
mation encoder stages. Power is reduced in these stages by adaptively changing
the direction reference data is propagated through them.
1747.1 Encoder Architecture
The starting point for the implementation is the encoder described in [117]. It
is a typical pipelined encoder consisting of multiple function units separated by
RAM blocks. It uses a ﬁxed 1400 clock cycles per pipeline stage. Although
the encoder in [117] supports the loop ﬁlter operation, to simplify the design its
inclusion into the modiﬁed encoder has not been considered. To implement the
proposed algorithm, it is necessary to have an architecture which can write out
reference pixels in either the vertical or horizontal direction, and utilise reference
data which has been previously been written to memory in either the horizontal
or vertical direction. In addition, the 4x4 intra prediction results need to be
available for every macroblock in the sequence.
The cost associated with meeting the intra prediction result availability re-
quirement is dependent on the mode decision algorithm used by the encoder.
If the encoder skips the 4x4 intra prediction calculations frequently then meet-
ing this requirement will clearly represent a large additional cost. The encoder
studied uses a fast algorithm to determine whether or not 4x4 intra prediction is
required. However, the intra prediction results required by the adaptive propaga-
tion algorithm are still calculated. The algorithm used is shown in algorithm 7.1.
Only unencoded pixels are used in the calculation of DMuhi and DMuvi due to
the intra prediction availability issue which arises in a pipelined encoder (refer to
section 2.4). The use of only unencoded data may adversely eﬀect the adaptive
propagation algorithm’s performance. However, any impact will be negligible in
comparison with the cost of calculating intra prediction results purely for use by
the adaptive propagation algorithm. Others have proposed similar intra/inter
mode decision algorithms. For example [73] use the diagonal down left, diagonal
175Algorithm 7.1 Algorithm used to determine whether 4x4 intra prediction is
required
DMuhi is the 4x4 horizontal intra prediction distortion measure for sub-block
i calculated using only unencoded pixels
DMuvi is the 4x4 vertical intra prediction distortion measure for sub-block i
calculated using only unencoded pixels
DMm is the best motion estimation distortion measure.
if Σi=15
i=0 min(DMuhi,DMuvi) < DMm then
4x4 intra prediction required
else
4x4 intra prediction not required
end if
down right and DC 4x4 intra prediction results in addition to the horizontal and
vertical results within a fast mode decision algorithm proposal.
Data is written into the output memory buﬀer at a rate of one pixel per
clock cycle. Therefore, it is trivial to provide the required output functionality.
Only the order in which the buﬀer write addresses are generated requires to be
changed. This can easily be implemented using a multiplexer on the buﬀer write
address.
Utilising the reference pixel data, that has previously been written to external
memory, is signiﬁcantly more complicated. Multiple macroblocks, which may
have been written out using diﬀerent propagation directions, must be read into
the search area memory. For the motion estimator to utilise this data eﬀectively, it
must be able to read the entire search area using the same propagation direction.
It is impractical to have a single pixel data-path from external memory to the
search memory or from the search memory to the motion estimator. Requiring
the motion estimator to access the reconstructed data on a one pixel per clock
cycle basis would increase the macroblock latency associated with the motion
estimation operation. In turn, this would increase the frequency at which the
encoder has to operate at for a given throughput and reduce hardware eﬃciency
176Figure 7.1: Simpliﬁed diagram of search memory architecture
(other encoder stages would be forced to wait for the motion estimator to ﬁnish).
Thus, address modiﬁcation alone cannot be used to reorder the reference frame
data suﬃciently for it to be of use to the motion estimator.
7.2 Search Memory Architecture
In FPGAs the search memory is constructed from multiple embedded RAMs.
This can be utilised to implement a search memory which can support a data-
path width which is greater than a single pixel and also reorder the data as
required.
A simpliﬁed diagram of the search memory architecture is shown in Figure 7.1.
Four separate embedded RAMs are used. Each macroblock is assumed to be
loaded into the search memory in one of the orders shown in Figure 6.4. Each four
consecutive 32-bit words loaded from external memory are saved to a diﬀerent
embedded RAM. This ensures that each column (horizontal propagation) or row
177Figure 7.2: Arrangement of each 4x4 block in the search memory when a hori-
zontally and vertically propagated macroblock is loaded into it
(vertical propagation) of each 4 by 4 search area sub-block is stored in a diﬀerent
embedded RAM as shown in Figure 7.2.
To read the desired row or column of the 4x4 sub-block requires either, a
read of the appropriate embedded RAM, if the propagation direction the data
is written in matches the desired read propagation direction, or a read of all
the embedded rams and the selection of the appropriate byte from the 32-bit
embedded RAM outputs, if it does not. To minimise the number of clock cycles
that each embedded RAM is active, a read operation on all 4 embedded RAMs
is only initiated if the motion estimator requires access to a diﬀerent 4x4 block
to the one currently being accessed.
To enable the appropriate pixels to be selected an 8 to 1 multiplexer is required
as shown in Figure 7.1. This additional cost is not as signiﬁcant as it ﬁrst appears.
As shown in section 5.2.3 the most power eﬃcient method of implementing a
memory larger than the embedded RAMs available on an FPGA device requires
a multiplexer on the output path. The addition of reordering functionality only
increase the size of the multiplexer required. The search memory could support
a large output bit width using the same multiple embedded RAM technique.
However, the resource costs associated with supporting the adaptive propagation
algorithm would be greater. For a 64-bit output bit width for example, eight
separate embedded RAMs and a 16 to 1 multiplexer would be required.
1787.3 Full Pixel Motion Estimation Architecture
Using the proposed search memory architecture it would be possible to imple-
ment a motion estimator which does not adaptively change the direction data is
propagated through it. However, by adaptively changing the way data is propa-
gated through the motion estimator, additional power can be saved at minimal
additional cost. This can potentially oﬀset the power cost of implementing the
proposed adaptive propagation algorithm.
A diagram of the full pixel motion estimation architecture is shown in Fig-
ure 7.3. The full search algorithm is used due to its high quality and ease of
hardware implementation. Current frame data is loaded into the motion estima-
tion array at the start of the motion estimation operation. Reference frame data
is propagated through the systolic array to enable the SADs values for each block
size and search position to be computed. The decision logic unit applies a bias to
the SAD values outputted from the array, and determines which search position
has the best cost for all 41 sub-blocks. Finally the best motion vector, and the
associated cost value for each sub-block, is written to the motion vector FIFO
for use by the fractional pixel motion estimator.
7.3.1 Consequences of supporting adaptive propagation
For the motion estimation operation to be performed successfully current pixel
data must be loaded into it in the same direction that reference pixel data is
propagated through it. Thus, to support adaptive propagation through the full
pixel motion estimator, it must be possible to reorder the current frame data prior
to the motion estimation stage of the encoder when required. In the encoder
used, this reordering operation can be implemented easily and with minimal
179Figure 7.3: Full search motion estimation architecture
additional cost. As shown in Figure 5.1 the ﬁrst pipeline stage of the encoder is
the intra mode decision calculation (Σi=15
i=0 min(DMuhi,DMuvi)). While it could
be included in a later pipeline stage, this calculation is brought forward because
it allows the memory that each input macroblock is loaded into from external
memory to be a simple dual-port memory, easily implemented using a single
embedded RAM. This is advantageous because it makes it simpler to implement
asynchronous external memory and core clocks. Current pixel data is copied from
this memory into the main input memory, which provides access to current pixel
data for the other pipeline stages which require it (full pixel motion estimation,
fractional pixel motion estimation and intra prediction). Data is copied into the
main input memory at a rate of one pixel per clock cycle. Thus, reordering of the
input data only requires a change in the order the main input memory addresses
are generated. As discussed previously this is trivial to implement.
Changing the direction data is read into the motion estimator forces the order
180Figure 7.4: Diﬀerent sub-block indices and blocktypes for a block size of 4x8
when horizontal and vertical propagation are used
in which the search positions are evaluated to be changed also. The search
positions being evaluated in horizontal rows if horizontal propagation is used,
and vertical columns if vertical propagation is used. This ensures that a similar
data ﬂow is used and an identical level of data reuse is maintained regardless
of which propagation direction is used. Additionally, when supporting variable
block sizes, the correspondence between sub-block indices and sub-block location
varies depending on the propagation direction used. For block sizes where the
width and height are not equal the correspondence between block size and block
type is also modiﬁed. These diﬀerences are illustrated for the 4x8 block size
in Figure 7.4. As the same propagation direction is used in both the full and
fractional motion estimation stages, the correct block type and block indices only
need to be resolved after the result of the motion estimation process is complete.
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In any encoder the search memory data must be available to both the full and
fractional pixel motion estimation stages. The previous encoder [117], which
only supported a block size of 16x16 pixels, copied the data required for fractional
estimation into a separate memory after the full pixel motion estimation operation
had been completed. As the full pixel vector was known at this point, only a small
fraction of the data present in the search memory needed to be copied. When
supporting variable block sizes, a much larger amount of data needs to be copied
for use by the fractional pixel motion estimator.
If the same strategy is used that was used previously, a signiﬁcant proportion
of the clock cycles available for the full pixel motion estimation operation would
be spent copying data. To prevent this the search data is copied into the half
pixel RAM as the full pixel motion estimation process is performed. This requires
that the entire search area, and at least a +/- 3 pixel area outside it, be copied
into the half pixel memory. For the search range of (-8,+7) used, copying the
entire search area reduces the size of the half pixel memory compared to what
would be needed if the data required for each sub-block was copied separately.
Data from the search memory is aligned on the 4 pixel boundary. To ensure all
the required data is copied to the half pixel memory a small amount of extra
data is copied, as indicated in Figure 7.5. If horizontal propagation is used the
additional data increases the height of the region copied. If vertical propagation
is used the additional data increases the width of the region copied.
A secondary beneﬁt copying the data provides is that it allows the motion
estimation array to have access to a larger bit width that it would do if it only
accessed the reference frame data directly from the search memory. As shown in
Figure 7.3 the data copied to the half pixel memory is reused by the full pixel
182Figure 7.5: Data copied to half pixel memory when horizontal and vertical prop-
agation are used. Each row/column on the diagram is 4 pixels wide
183Figure 7.6: Timing of full search motion estimator
motion estimator. Reusing this data increases the initial latency of the motion
estimator. The motion estimator has to wait until the required data has been
read from the search memory into half pixel memory. After this initial period
data from the search memory is copied into the half pixel memory when it is
required by the motion estimation array. The last row/column is copied after
the full pixel motion estimation operation has ﬁnished. This is illustrated in
Figure 7.6.
The reference frame data outputted from the search memory and half pixel
memory is aligned on a 4 pixel boundary. To be able to select the required data
for the particular search position row or column being computed a multiplexer is
used. With the appropriate 64 bit data being inputted into the motion estimation
184array as shown in Figure 7.3.
7.3.3 Motion estimation unit
The motion estimation unit uses an array based architecture. To support vari-
able block sizes individual 4x4 arrays are used to calculate the 4x4 SAD values,
with the SADs for the large block sizes being summed from them as shown in in
Figure 7.7. As discussed in section 2.3.2, this is the most common way in which
variable block sizes are supported within a full search motion estimation archi-
tecture. As the input bit width is only 64 bits, only eight 4x4 arrays are used. As
a consequence to calculate all 41 sub-block SADs for a particular search position
two passes through the array are required. The ﬁrst pass for the ﬁrst eight 4x4
sub-blocks. The second pass for the last eight 4x4 sub-blocks as indicated in
Figure 7.8.
To minimise the amount of time the motion estimator is inactive, the SADs
for the ﬁrst eight 4x4 sub-blocks for a complete search position row or column
are calculated ﬁrst. The SADs for the last eight 4x4 sub-blocks for the same
search position row or column are then calculated. Using only eight 4x4 arrays
reduces the LUT resources required by the estimator array whilst still providing
enough processing resource for the motion estimator to complete its operation
within 1400 clock cycles. However, to be able to calculate the SADs of block
sizes which cross the ﬁrst/second phase boundary, additional storage is required.
Speciﬁcally the thirty-two 8x8 SAD values calculated in the ﬁrst phase must be
stored. When horizontal propagation is used, this enables the SAD values for the
16x16 and 8x16 block sizes to be calculated. When vertical propagation is used,
this enables the SAD values for the 16x16 and 16x8 block sizes to be calculated.
All other block sizes do not have sub-blocks which cross the ﬁrst/second phase
185Figure 7.7: Full search array used
186Figure 7.8: 4x4 sub-block SADs calculated in the ﬁrst and second pass and the
4x4 array used for their calculation
boundary. Thus, the SAD values for these sub-blocks can be calculated as soon
as all the SAD values for all the smaller block sizes required become available.
In the current design, the SAD values required for larger block sizes become
available at diﬀerent clock cycles. It is therefore necessary to delay them by an
appropriate number of clock cycles to allow the SAD values for larger block sizes
to be calculated. More detailed timing information is given in appendix B.
Each 4x4 array is made up of 16 processing elements. A diagram of a single
processing element is shown in Figure 7.9. Two current pixel registers are used,
one to store the current pixel used in the ﬁrst pass, the other to store the current
pixel used in the second pass. Current macroblock data could be loaded into
each 4x4 array as required, as opposed to only being loaded into the array at
the start of the motion estimation process. This would remove the need for the
second current pixel register and the 2 to 1 multiplexer. However, by using the
187Figure 7.9: Processing element (PE) used in 4x4 arrays
additional register and multiplexer the input memory bandwidth is dramatically
reduced. An adder tree is used to accumulate the 16 absolute diﬀerence values
to produce the 4x4 SAD outputs.
7.3.4 Decision logic unit
The decision logic unit adds the appropriate rate term (section 2.3.1) to the SAD
values produced by the motion estimation array. It then updates the best vector
and SAD registers when a search position with a lower SAD value than the cur-
rent best is found. Although there are 41 sub-blocks, only 20 adders/comparators
are used in the decision logic unit. Implementing the motion estimation opera-
tion using two passes allows some of the adders/comparators used to be shared
188between diﬀerent sub-blocks.
In common with other full search variable block size implementations the rate
term is calculated using only the predicted vector for the 16x16 block size. As
discussed in section 2.3.2 all the vectors required to calculate the predicted vectors
for other block sizes will not be available until the full pixel motion estimation
process has ﬁnished.
7.4 Fractional Pixel Estimation Architecture
A diagram of the fractional search architecture is shown in Figure 7.10. The archi-
tecture implements the full fractional search algorithm described in section 2.3.3.
The architecture used allows both the half and quarter pixel estimation opera-
tions required to be performed concurrently. When the half pixel estimator is
determining the best half pixel vector for a sub-block, the quarter pixel estimator
is determining the best quarter pixel vector for a sub-block whose best half pixel
vector has previously been determined.
The complex half pixel interpolation process is performed once. This requires
that the half pixel samples, as well as the necessary full pixel samples, are stored
and available for use by the quarter pixel interpolator. A non trivial amount of
resources are required to store the half pixel samples. However, in an FPGA it is
more power eﬃcient than performing the half pixel interpolation process twice.
Embedded RAMs are used to store the half and full pixel samples because for the
large amount of storage required, registers, as used in [19], would be ineﬃcient.
To reduce the number of embedded RAMs used the interpolation and frac-
tion estimation processes are not split across two pipeline stages, as was done
previously. When supporting variable block sizes this would require over sixteen
189Figure 7.10: Fractional search architecture
1024 byte embedded RAMs to store all the full and half pixel samples for each
sub-block, assuming double buﬀering was used. Not splitting the interpolation
and fractional estimation processes across pipeline stages allows the quarter pixel
memory to use only six 1024 byte embedded RAMs. However, not using multiple
pipeline stages places does place greater demands on the performance of the half
pixel interpolator.
7.4.1 Dataﬂow
Similarly to other fractional estimation implementations, the architecture is de-
signed to operate primarily on sub-blocks with a block size of 4x4. Other block
sizes are supported through decomposition into their constituent 4x4 parts. To
support adaptive propagation without compromising hardware eﬃciency, 4x4
block integration takes place in the same direction data is propagated. This
allows more of the full pixel samples required for the half pixel interpolation pro-
190Figure 7.11: Redundant half pixel interpolation areas for a block size of 8x8 when
vertical and horizontal integration are used, assuming data is propagated in the
vertical direction
cess to be reused across constituent 4x4 blocks as shown in Figure 7.11. This
reduces the half pixel memory bandwidth required. More importantly, it en-
sures that less clock cycles are spent ﬁlling the half and quarter pixel pipelines,
increasing hardware utilisation. The architecture considers each block type in
series. The 16x16, 16x8, 8x16 block sizes are considered ﬁrst, then all the possi-
bilities for each 8x8 sub-block (8x8, 8x4, 4x8 and 4x4). The precise processing
order is dependent on the propagation direction.
Half and full pixel data is copied into the quarter pixel memory in vertical or
horizontal strips which are 11 pixels wide. The length of each strip is dependent
on the block size being processed. Each strip is 11 pixels to allow the quarter pixel
interpolator to calculate any of the quarter pixel samples that may be required
for the 4x4 block being considered. The exact quarter pixel samples required are
not known when the full and half pixel data is being copied into the quarter pixel
memory because the best half pixel vector is still being determined at this point.
As well as performing the fractional estimation process for each block type,
the fractional estimation architecture must also ensure that the correct predicted
block is copied to the prediction memory shown in Figure 7.10. This data needs to
191be copied to enable the next pipeline stage to determine the diﬀerence block prior
to the transform operation. The best block type and associated motion vectors
will not be known until the end of the fractional motion estimation process.
Therefore, the data which requires to be copied to the prediction memory will
not be known until this time. The size of the quarter pixel memory used prevents
the half pixel samples for all sub blocks being stored in it until the fractional
estimation process has ﬁnished. Consequently, to generate the required data at
this time, both the half and quarter pixel interpolation operations would need
be repeated for the block type chosen. This is not done currently. Instead two
16x16 predicted blocks are copied to the prediction memory. One is the best
predicted block for the 16x16, 16x8 and 8x16 block sizes. The other is the best
predicted block for the 8x8, 8x4, 4x8 and 4x4 block sizes. For the 16x16, 16x8, and
8x16 block sizes the appropriate data is generated and copied into the prediction
memory at the end of processing for that block size, if its cost is lower than
the current best. For each 8x8 sub-block the appropriate data is copied into
the prediction memory after all the block sizes for the 8x8 sub-block have been
considered. This prevents multiple copying operations occurring for each 8x8
sub-block. The same method is not used for the three 16x16 partitions because
there is not enough capacity in the quarter pixel memory to store the half pixel
samples for the 16x16, 16x8 and 8x16 block sizes.
To support the processing of 4x4 blocks, the half pixel interpolation unit
requires a 10 pixel, 80 bits wide input. However, the output port width of the
half pixel memory is only 8 pixels and it is aligned on a 4 pixel boundary. To
provide the 10 pixel input, the interpolation unit requires a buﬀer is used to
store multiple 5 pixel rows, or columns, of reference data read from the half
pixel memory as shown in Figure 7.12. The exact number is dependent on the
192Figure 7.12: Buﬀer used to produce half pixel interpolator input
Figure 7.13: Timing of the half pixel interpolation/estimation operation for a
block size of 4x4
block size of the sub-block being processed. The output of this buﬀer is then
combined with data read directly from the half pixel memory to produce the 80
bit input, the half pixel interpolation unit requires. To minimize the number
of clock cycles wasted loading the buﬀer, the data required for the next sub-
block row, or column, is loaded into the buﬀer at the same time the half pixel
interpolator and estimator are processing the current sub-block row, or column.
This approach is not ideal. It reduces the achievable hardware utilisation to
50% for the 4x4 block size, as shown in Figure 7.13. For larger block sizes, such
as 16x16, the impact on hardware utilisation is not as signiﬁcant, with an 80%
hardware utilisation achievable, as shown in Figure 7.14.
193Figure 7.14: Timing of the half pixel interpolation/estimation operation for a
block size of 16x16
7.4.2 Half Pixel Interpolator
The basic half pixel interpolation operation deﬁned in the H.264 standard is given
by
Php = A − 5B + 20C + 20D − 5E + F (7.1)
when Php is the half pixel sample being generated and A,B,C,D,E and F
are either full pixel samples or previously generated half pixel samples. Fig-
ure 7.15 is used to illustrated the correspondence between the location of samples
A,B,C,D,E and F and the location of the generated sample Php. The horizontal
half pixel samples labeled a,b,c,d,e and f in Figure 7.15 are given by,
a=A1-5*B1+20*C1+20*D1-5*E1+F1 d=A4-5*B4+20*C4+20*D4-5*E4+F4
b=A2-5*B2+20*C2+20*D2-5*E2+F2 e=A5-5*B5+20*C5+20*D5-5*E5+F5
c=A3-5*B3+20*C3+20*D3-5*E3+F3 f=A6-5*B6+20*C6+20*D6-5*E6+F6.
(7.2)
194Figure 7.15: Correspondence between full pixel samples used and generate half
pixel samples
The vertical half pixel samples labeled g,h,i,j,k and l in Figure 7.15 are given
by,
g=A1-5*A2+20*A3+20*A4-5*A5+A6 j=D1-5*D2+20*D3+20*D4-5*D5+D6
h=B1-5*B2+20*B3+20*B4-5*B5+B6 k=E1-5*E2+20*E3+20*E4-5*E5+E6
i=C1-5*C2+20*C3+20*C4-5*C5+C6 l=F1-5*F2+20*F3+20*F4-5*F5+F6.
(7.3)
Due to the symmetry of the interpolation operation the diagonal half pixel sample
labeled m in Figure 7.15 is given by either
m = a − 5 ∗ b + 20 ∗ c + 20 ∗ d − 5 ∗ e + f (7.4)
or
m = g − 5 ∗ h + 20 ∗ i + 20 ∗ j − 5 ∗ k + l. (7.5)
195Figure 7.16: Basic interpolation unit used
The half pixel interpolation architecture used is similar to that described
in [17]. The basic half pixel interpolation operation, given in equation (7.1),
is implemented using 6 adders as shown in Figure 7.16. Although there are
embedded multipliers available in the Cyclone-3 FPGA targeted, these are not
used to implement the interpolation operation. Using an embedded multiplier
would save at most one adder. Thus, it is unlikely any power saving would
be realised from using them. It may be possible to implement the interpolation
operation very eﬃciently using the embedded multiply accumulate units available
on some high performance FPGAs. This has not been considered at present.
In total, twenty of the interpolation units shown in Figure 7.16 are used
in the half pixel interpolator. The interpolation units are split across 3 ﬁlter
banks as shown in Figure 7.17. Filter bank one generates, the vertical half pixel
samples when horizontal propagation is used and the horizontal pixel samples
when vertical propagation is used. Filter bank two generates, the horizontal half
196pixel samples when horizontal propagation is used and the vertical half pixel
samples when vertical propagation is used. Filter bank three always generates
the diagonal half pixel samples, regardless of the propagation direction used.
The structure takes advantage of the symmetry of the half pixel interpolation
process to implement adaptive propagation. The diagonal half pixel samples
being generated, from the horizontal half pixel samples as per equation 7.4 when
horizontal propagation is used and from the vertical half pixel samples as per
equation 7.5 when vertical propagation is used.
The structure of ﬁlter banks one and three is identical. Each uses ﬁve inter-
polation units (Figure 7.18) to generate the half pixels samples required by the
half pixel estimator. Filter bank two uses ten interpolation units as shown in
Figure 7.19. Only ﬁlter bank two outputs 3 to 6 are used by the half pixel esti-
mator. The additional output samples are required to generate all the horizontal
and vertical samples used as input to ﬁlter bank three. Output samples 2 and 6
of ﬁlter bank two are also saved to the quarter pixel memory because they may
be needed by the quarter pixel interpolator.
7.4.3 Half Pixel Estimator
The half pixel estimator uses 8 processing elements of the type shown in Fig-
ure 7.20. Each processing element is used to determine the SAD value for one of
the eight half pixel search positions. The centre full pixel cost is used as the initial
best cost and position. It is available initially having already been determined
by the full pixel motion estimator.
Only one comparator is used. Thus 8 clock cycles are required to determine
the best half pixel vector and its associated cost. Currently the decision operation
takes places sequentially, after the sum of absolute diﬀerence calculations. This
197Figure 7.17: Overall ﬁlter structure
Figure 7.18: Structure of ﬁlter banks 1 and 3
198Figure 7.19: Structure of ﬁlter bank 2
199Figure 7.20: Structure of half pixel processing element
200allows the decision logic to use the accumulator outputs directly. If additional
registers were used it would be possible to pipeline these two operations, increas-
ing logic utilisation. In the current design this would oﬀer no beneﬁt however.
The buﬀer loading operation, discussed in section 7.4.1, always requires more
than the 8 clock cycles required to determine the best half pixel vector.
7.4.4 Quarter Pixel Interpolator/Estimator
Data is saved to the half pixel memory in columns or rows of 11 pixels. Two adja-
cent rows or columns are read from the half pixel memory in a single clock cycle.
This allows quarter pixel samples for all eight search positions to be calculate in
the same clock cycle. It is necessary to read two rows or columns per clock cycle
because of the minimal overlap between the full and half pixel samples required
for the quarter pixel interpolation process. This is illustrated in Figure 7.21.
Multiplexers are used to select the data required by the quarter pixel interpo-
lation units. For the horizontal and vertical quarter pixel samples this is a simple
operation. The samples required are ﬁxed in relation to the central half/full pixel
sample. In addition to the search centre A, samples labeled B,C,D and E in Fig-
ure 7.22 are always required to calculate the horizontal and vertical quarter pixel
samples. Selecting the half and full pixel samples for the diagonal quarter pixel
locations is more complicated. The location of the required samples in relation
to the central sample is dependent of the central sample location. If the centre
sample is a full pixel sample, or diagonal half pixel sample, samples B,C,D and
E are again required. If the centre sample is a horizontal or vertical half pixel
sample, samples F,G,H and I are required. The interpolator units themselves
are simple bi-linear ﬁlters, implemented using two adders and a ﬁxed shift oper-
ation. The quarter pixel estimator is identical to the half pixel motion estimator
201Figure 7.21: Full and half pixel samples required for 4x4 quarter pixel interpola-
tion operation
202Figure 7.22: Location of full and half pixel samples required for quarter pixel
interpolation
described in section 7.4.3.
7.5 Results and Discussion
7.5.1 Use of unencoded data for propagation decision
As discussed in section 7.1, for power eﬃciency reasons unencoded data is used to
calculate the intra prediction results used by the propagation direction decision
algorithm. To investigate the eﬀect this has on the adaptive propagation algo-
rithm’s performance the Bit Accurate Model of the encoder studied was used.
Figure 7.23 shows the percentage reduction achieved when the intra prediction
results used were calculated using encoded and unencoded data. A quantisation
parameter of 30 was used to encode the sequences.
From Figure 7.23, it can seen that the use of unencoded data makes neg-
ligible diﬀerence when a quantisation parameter of 30 is used. Similar results
are achieved when lower quantisation parameters are used. When a quantisa-
tion parameter of 40 is used the diﬀerences are more noticeable as shown in
Figure 7.24. This is not surprising. It would be expected that as the similarity
between encoded and unencoded pixels decreases, the diﬀerences in performance
would become more signiﬁcant. Only in the case of two sequences, table and
outdoor, is the performance of the adaptive propagation algorithm reduced sig-
203Figure 7.23: Percentage reduction in transitions when compared to horizontal
propagation using intra prediction results calculated using unencoded and en-
coded pixels. A quantisation parameter of 30 was used to encode the sequences
204Figure 7.24: Percentage reduction in transitions when compared to horizontal
propagation using intra prediction results calculated using unencoded and en-
coded pixels. A quantisation parameter of 40 was used to encode the sequences
niﬁcantly by the use of unencoded data. Given this, and the advantages the use
of unencoded data has in the encoder architecture studied, the use of unencoded
data is justiﬁed.
7.5.2 Resources and Performance
Full Pixel Motion Estimator
The resources required by the motion estimation unit, decision logic unit and
associated control logic when implemented in a Cyclone-3 FPGA are shown in
table 7.1. Of note are the six M9K embedded RAMs used within the motion
205Motion Estimation Unit
LUTs 6065
Registers 3777
M9K 6
Decision Logic Unit
LUTs 2049
Registers 1047
9x9 Multipliers 1
Control Logic
LUTs 373
Registers 178
Table 7.1: Full pixel motion estimator resource usage
estimation unit. Two of them are used to store the 8x8 SAD values that are
required to be stored between the ﬁrst and second passes for each search position
row, or column. The other four are used to implement shift registers. These
are needed to delay the smaller block SAD values used in the larger block SAD
calculations. This is not ideal. It is an ineﬃcient use of the embedded ram
resource, given the relatively small amount of storage required. For FPGAs such
as the Spartan-3, which can implement small shift registers very eﬃciently using
LUTs, this ineﬃciency would not occur. For the Cyclone-3 FPGA used, the tree
architecture (section 2.3.2) would be more appropriate as it does not require shift
registers to delay the smaller block SAD values.
Fractional Pixel Motion Estimator
Table 7.2 shows the resources required by the fractional pixel motion estimator
components. Six M9K embedded rams are required to store the half and full
pixel samples needed by the quarter pixel interpolator. This is the only resource
cost directly attributable to the decision to store the half and full pixel samples,
instead of performing the half pixel interpolation operation twice. In principle,
the same estimator could be used for the half and quarter pixel estimation oper-
ations, if the resources required needed to be reduced. Two estimators are used
206Half Pixel Interpolator
LUTs 2204
Registers 932
Half Pixel Estimator
LUTs 1149
Registers 311
9x9 Multipliers 1
Quarter Pixel Interpolator and Estimator
LUTs 2534
Registers 962
9x9 Multipliers 1
Quarter Pixel Ram M9K 6
Half Pixel Result Fifo M9K 1
Control Logic
LUTs 552
Registers 239
Table 7.2: Fractional pixel motion estimator resource usage
currently to provide increased performance.
Currently the fractional pixel motion estimator takes between 1484 and 1700
clock cycles to complete the required operations for each macroblock. This is
outwith the 1400 clock cycles per macroblock target. Substantial additional re-
sources are not required for the fractional pixel motion estimator to meet the
1400 clock cycles per macroblock target. Instead a modiﬁcation to the dataﬂow
used is required. As discussed in section 7.4.1, currently a minimum of 2 and
a maximum of 4 predicted blocks are copied to the prediction memory. If the
dataﬂow is adjusted such that only the data actually needed is copied to the
prediction memory, the architecture should be able to meet the 1400 clock cycles
per macroblock target.
Resources Required to Support Adaptive Propagation
Table 7.3 shows the resource usage of the various modules which need to be modi-
ﬁed to support the adaptive propagation algorithm. The main additional resource
costs are incurred within the search memory unit and inter/intra mode decision
unit. The search memory requiring an additional 100 LUTs and 9 registers to
207without with
adaptive adaptive
propagation propagation
Search Memory
LUTs 207 311
Registers 46 59
Intra/Inter Mode Decision
LUTs 382 438
Registers 220 254
Direction Store M9K 0 1
Output Ram
LUTs 5 8
M9K 2 2
Registers 1 1
Motion Estimator Input/Output LUTs 0 40
Table 7.3: Resources required to support adaptive propagation algorithm
support the adaptive propagation algorithm. The intra/inter mode decision re-
quiring 56 LUTs and 34 registers to perform the summation and comparison
operations required by the adaptive propagation algorithm. In total the number
of additional LUTs used represent less than 2% of those required by the motion
estimation hardware, and even less if the encoder as a whole is considered. Simi-
larly the registers and single embedded RAM needed to implement the adaptive
propagation algorithm represent small fractions of those used by the complete
encoder.
7.5.3 Power Used
To estimate the power used by both the full and fractional pixel motion esti-
mators, and the power used implementing the adaptive propagation algorithm,
the method documented in section 5.1.1 was used. To allow the impact of the
adaptive propagation algorithm to be judged, the same full and fractional motion
estimator netlist was simulated using both horizontal and adaptive propagation.
This ensures that the impact of using adaptive propagation is not masked by
any diﬀerences in synthesis, placement and routing. For the limited parts of
208Size Sequence
horizontal adaptive % Reduction
propagation propagation with adaptive
(mW) (mW) propagation
QCIF
Suzie 0.63 0.62 1.59
Miss America 0.55 0.55 0
Table 0.59 0.59 0
SIF Football 2.14 2.14 0
CIF
Hall Monitor 2.28 2.25 1.32
Paris 2.41 2.37 1.66
Mobile 2.49 2.47 0.8
VGA
Oﬃce 6.67 6.6 1.05
Riverraft 7.41 7.41 0
Outdoor 6.75 6.73 0.3
Table 7.4: Power used by decision logic unit when adaptive propagation is and
is not used
the design which require additional resources to support adaptive propagation
this is not possible. For these parts of the design separate netlists were simu-
lated. To initially test the performance of the adaptive propagation algorithm a
quantisation parameter of 30 was used.
Full Pixel Motion Estimator
The power consumed by the full pixel control logic is constant, regardless of
whether adaptive propagation is used or not. It consumes 0.14mW for a QCIF
sequence, 0.48mW for a SIF sequence, 0.54mW for a CIF sequence and 1.68mW
for a VGA sequence. The power consumed by the decision logic unit is reduced,
by a small degree, by the use of adaptive propagation as shown table 7.4. As
would be expected, given the results shown in chapter 6, the power reduction
achieved is sequence dependent.
The majority of power consumed by the full pixel motion estimator is con-
sumed within the motion estimation unit as shown in ﬁgure 7.25. The adaptive
propagation algorithm has the greatest eﬀect on this part of the full pixel motion
209Figure 7.25: Percentage of power consumed by each section of full pixel motion
estimation unit when adaptive propagation is not used
210estimator. Table 7.5 shows the power used by the motion estimator unit when
adaptive propagation is and is not used. The percentage power reduction achieved
is less than the percentage transition reduction shown previously. This is princi-
pally a result of the algorithm only targeting one source of dynamic power, the
power consumed routing data through the estimator. The power consumed by
the registers and embedded RAMs as a result of them being clocked and enabled
is not reduced by the algorithm. Nevertheless, as a result of the relatively high
capacitance associated with FPGA interconnect, power reductions of between
7% and 10% can be achieved for sequences, such as hall monitor, paris, suzie
and oﬃce, where the number of transitions is reduced by a signiﬁcant amount.
For the riveraft and football sequences the power used by the motion es-
timator unit is actually increased when adaptive propagation is used. For both
these sequences the adaptive propagation algorithm does not achieve a signiﬁcant
transition reduction. For other sequences with a similar percentage reduction in
transitions using adaptive propagation still results in a small power reduction.
The increase in power may be a result of the propagation direction decision not
being appropriate for the entire search area. It is currently based on the intra
prediction results of the macroblock at the centre of the search area. The search
area used is larger than one macroblock. Thus, there is scope for the propagation
direction decision to be incorrect.
As discussed in chapter 6, adaptively changing the propagation direction af-
fects the most signiﬁcant bits to a greater extent. It would be expected that
the signiﬁcance of any power saving would increase if bit truncation was used.
However, the current full pixel motion estimation architecture is not designed to
take advantage of this. The expense of supporting adaptive propagation must be
incurred for all 8-bits regardless of the motion estimator unit’s bit width. Full
211Size Sequence
horizontal adaptive % Reduction
propagation propagation with adaptive
(mW) (mW) propagation
QCIF
Suzie 2.66 2.46 7.52
Miss America 1.76 1.71 2.84
Table 2.23 2.22 0.45
SIF Football 11.25 11.34 -0.8
CIF
Hall Monitor 8.64 7.76 10.19
Paris 10.99 10.07 8.37
Mobile 13.15 12.78 2.81
VGA
Oﬃce 21.24 19.66 7.44
Riverraft 27.72 28.00 -1.01
Outdoor 22.18 22.08 0.45
Table 7.5: Power used by motion estimation unit when adaptive propagation is
and is not used. Sequences were encoded using a quantisation parameter of 30
8-bit data still needs to be copied to the half pixel memory.
Fractional Pixel Motion Estimator
The percentage of power consumed by the diﬀerent parts of the fractional pixel
motion estimator is shown in Figure 7.26. From Figure 7.26 it can be seen that
the half pixel interpolator consumes the greatest amount of power. The power
used storing the half and full pixel samples is approximately one ﬁfth of the
power required by the half pixel interpolation operation. Given this, it is clear
that storing the half pixel samples oﬀers a substantial power beneﬁt. It saves
approximately 80% of the power required for the second interpolation operation.
Whilst oﬀering a power beneﬁt, storing the half pixel samples reduces the
impact of the adaptive propagation algorithm. As shown in Figure 7.27, the
adaptive propagation algorithm reduces the power used by the half pixel inter-
polator to a greater extent than it reduces the power used by other parts of the
fractional pixel motion estimator. If the half pixel interpolation operation was
repeated, as in other architectures which have been proposed, the overall impact
212Figure 7.26: Percentage of power consumed by each part of fractional pixel motion
estimator when adaptive propagation is not used
213Figure 7.27: Percentage power reduction in diﬀerent parts of fractional pixel
motion estimator when adaptive propagation is used
adaptive propagation has on the fractional pixel motion estimator’s power con-
sumption would increase. Note that the control logic is not shown in Figure 7.27
because the adaptive propagation algorithm has negligible impact on the power
consumed by it. Full details of the power consumption of the fractional pixel
estimator are given in appendix E
The diﬀering eﬀect adaptive propagation has on the various components can
be explained. The half pixel interpolation component operates solely on encoded
pixels. As previously discussed the adaptive propagation algorithm has a greater
impact on encoded data as a result of the least signiﬁcant bit switching activity
being reduced by the encoding process. The half pixel estimator, however, oper-
ates on both encoded reference frame, and unencoded input frame, pixels. The
214Size Sequence Power used supporting adaptive propagation (mW)
QCIF
Suzie 0.06
Miss America 0.05
Table 0.06
SIF Football 0.25
CIF
Hall Monitor 0.23
Paris 0.25
Mobile 0.26
VGA
Oﬃce 0.62
Riverraft 0.78
Outdoor 0.68
Table 7.6: Power required to support adaptive propagation algorithm. Sequences
were encoded using a quantisation parameter of 30
adaptive propagation algorithm does not reduce the switching activity of unen-
coded data to the same degree it reduces the switching activity of encoded data.
Therefore, the eﬀect adaptive propagation has on the half pixel estimator’s power
consumption is less. The eﬀect of the current pixel data’s switching activity on
the power consumption of the full pixel motion estimator is less pronounced be-
cause new current pixel data is only loaded into it at the start of the estimation
process. Due to the use of 4x4 decomposition this is not possible in the fractional
pixel motion estimator.
Power used supporting the adaptive propagation algorithm
The total power used supporting the adaptive propagation algorithm is shown
in table 7.6. Over 90% of the power used supporting the algorithm is consumed
within the search memory. The actual propagation direction decision consuming
less than 0.01 milliwatts for each QCIF sequence and a maximum of 0.02 milli-
watts for the riveraft sequence. This suggests that, in an encoder architecture
which can tolerate a motion estimator with a relatively high latency, the cost of
implementing the adaptive propagation algorithm will be minimal.
215Size Sequence
Horizontal Adaptive % Reduction
propagation propagation with adaptive
(mW) (mW) propagation
QCIF
Suzie 9.72 9.33 3.97
Miss America 7.45 7.37 1.02
Table 8.92 8.91 0.07
SIF Football 38.06 38.45 -1.03
CIF
Hall Monitor 32.97 31.09 5.7
Paris 38.49 36.57 4.98
Mobile 43.26 42.68 1.34
VGA
Oﬃce 87.79 84.12 4.18
Riverraft 108.13 109.16 -0.95
Outdoor 90.86 90.95 -0.1
Table 7.7: Total power used by the full and fractional pixel motion estimators
and the search memory when adaptive propagation is and is not used
7.5.4 Overall Power Savings
The total power used by the full and fractional pixel motion estimators and the
search memory, when adaptive propagation is and is not supported, is shown
in table 7.7. Note that the power consumed when the adaptive propagation
algorithm is used includes all the other costs associated with supporting the
adaptive propagation algorithm.
From table 7.7 it can be seen that the adaptive propagation algorithm can be
implemented with minimal additional power consumption. Only in the case of
three sequences do the costs associated with implementing adaptive propagation
outweigh the internal FPGA power savings. For the outdoor sequence this is by
a negligible amount. For the other two sequences, riverraft and football, support-
ing adaptive propagation incurs a power cost of 1 milliwatt and 0.38 milliwatts
respectively.
Figures 7.28 and 7.29 plot the total power used, internally within the FPGA
and on the memory bus itself, as a function of bus capacitance. Two sequences, paris
216and riverraft, are used. Note that in ﬁgures 7.28 and 7.29 only the bus transitions
caused by the luminance component of each sequence are taken into account. The
power cost of using adaptive propagation with each reference frame’s chrominance
components has not been accounted for. Therefore, it would be unfair to con-
sider the reduction in chroma component transitions the adaptive propagation
algorithm provides. To calculate the power used communicating with external
memory equation, 3.1 was again used. The power estimated derived from equa-
tion 3.1 was multiplied by four to reﬂect the fact that the level-C data reuse
scheme and a vertical search range of 16 pixels has been assumed.
From Figure 7.28 it can be seen that, for the paris sequence, an overall re-
duction in power can be achieved using adaptive propagation. The addition of
the memory bus power increases slightly the percentage power saving, with to-
tal power savings between 5 and 6 percent depending on bus capacitance and
voltage. For the riverraft sequence the addition of the memory bus power does
not signiﬁcantly alter the percentage power increase adaptive propagation incurs
using this sequence. This is a result of the adaptive propagation algorithm having
minimal impact on the bus transitions which occur when encoding this sequence.
A 1% power increase is incurred as a result of supporting adaptive propagation.
The other sequences have results within this range. The inﬂuence of memory
bus power consumption is less than that shown in chapter 5 because a lower bus
voltage has been assumed. The motion estimator used is also more complex, re-
sulting in the motion estimator itself consuming a larger proportion of the total
power.
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Figure 7.28: Total power used as a function of bus capacitance for a 2.5 and 1.8
volt bus - paris sequence
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Figure 7.29: Total power used as a function of bus capacitance for a 2.5 and 1.8
volt bus - riverraft sequence
2197.6 Summary
The implementation of the adaptive propagation algorithm into a pipelined en-
coder has been presented. Power can also be reduced in the motion estimation
stage of a video encoder using the adaptive propagation algorithm. The adaptive
propagation algorithm reducing power by up to 13% for individual parts of the
motion estimator. However, as the adaptive propagation algorithm only reduces
the power caused by data transitions, an overall power reduction of up-to 6%
only is achieved. More importantly, for sequences where the adaptive propaga-
tion algorithm does not reduce transitions signiﬁcantly, the power used is actually
increased by up to 1%.
220Chapter 8
Conclusions and Further Work
8.1 Conclusions
This thesis has explored the implementation of video encoding algorithms on
reconﬁgurable devices. This work has speciﬁcally targeted FPGAs, currently the
most widely used reconﬁgurable logic devices. Two diﬀerent areas were explored,
FPGA video encoding systems and the power consumed by FPGA based video
encoders.
Chapter 4 focused on FPGA video encoding systems. Two video encoding sys-
tems were implemented. The ﬁrst video encoding system targeted video surveil-
lance applications. The approach used to implement this system was to isolate as
much as possible the encoding sub-system and the processor sub-system. While
this simpliﬁed the overall system design it limited the size of the system soft-
ware, and hence the features the overall system could support. As discussed in
section 4.1.4 using the cachelink interface now supported by the microblaze pro-
cessor may make it easier for the processor and encoding system to share a single
memory. This would allow the system to support additional features. The sec-
221ond system targeted video conferencing applications. In this system the FPGA
had to implement less functionality than in the previous system as the encoder
control and streaming functions were implemented on other devices. Due to the
encoding requirements, however, the system design was still challenging. A cus-
tom architecture had to be used to allow the external memory to operate at the
frequency required.
Chapter 5 documents the results of a power analysis performed on a pipelined
video encoder when implemented in a Cyclone-2 FPGA. It was shown that for
low resolution sequences (SIF/CIF) FPGA static power dominates. However for
higher resolutions such as D1 the dynamic power consumption becomes more
signiﬁcant, accounting for more that half of the total FPGA power consumption.
The signiﬁcance of FPGA static power consumption is well known. The results do
quantify the limited overall eﬀect that reducing the dynamic power used would
have, when encoding single low resolution sequences. They also show that for
higher resolution sequences reducing dynamic power will, potentially, have a more
signiﬁcant eﬀect. Whilst no results are directly provided, it can also be concluded
that, when encoding multiple low resolution sequences, reducing dynamic power
would also be beneﬁcial.
The rest of the thesis focused on reducing dynamic power in an FPGA based
video encoder. In the remainder of chapter 5 the motion estimation function
was identiﬁed as the key source of dynamic power consumption in an H.264
FPGA video encoder. It was also shown that, conﬁguring the search memory so
that a minimum number of embedded RAMs are enabled per clock cycle reduces
the power consumed by the search memory substantially. As a consequence, a
much smaller proportion of the total power consumed by the motion estimator
is consumed by the search memory compared to what occurs in ASIC motion
222estimator implementations. In the results presented the log search algorithm was
used. It would be expected that a similar power distribution would be observed
with other search position reduction algorithms. Given this diﬀerence it would
be worth comparing the total power consumed by diﬀerent search algorithms
when implemented in FPGAs, similar to the investigation conducted for ASICs
reported in [53].
In chapters 6 and 7 an algorithm, and associated architecture, to reduce the
amount of dynamic power used loading and saving reference frame data from
external memory and within the motion estimator computational units was pro-
posed. The basis of the algorithm is that by changing the order data is propa-
gated, the number of data transitions, and hence the dynamic power used, can
be reduced. A unique feature of the algorithm is that it uses results generated
during the encoding process. Speciﬁcally, the 4x4 intra prediction results are
used to determine the propagation order. This is beneﬁcial because it reduces
the costs associated with implementing the algorithm.
In chapter 6 it was shown that external memory bus transitions and hence
the power used loading and saving reference frame data is reduced by nearly 20%
when the algorithm is used. In addition the algorithm also works in conjunction
with other bus encoding algorithms such as bus invert and DBM/VBM. Given
this it may also be of use in ASIC video encoder implementations.
In chapter 7 an FPGA architecture to implement the algorithm is developed.
A key implementation decision was to apply the algorithm in the motion esti-
mation stages of the video encoder, in addition to applying it to the reference
frame data written to and read from external memory. Results showed this to
be beneﬁcial. For the majority of sequences the algorithm reduced the dynamic
power in both the full and fractional pixel motion estimation stages. However,
223for two sequences results indicated that the proposed algorithm actually increases
power consumption, albeit slightly.
The main advantages of the proposed power reduction algorithm are its rela-
tively low resource costs and its wide applicability. It reduces power consumption
in a number of video encoding stages. However, the algorithms usefulness is in-
hibited by its sequence dependence. In chapter 6 it was shown that whilst a
transition reduction of nearly 20% is obtained for some sequences, for others a
transition reduction of less than 5% is obtained. In chapter 7 it was shown that
for two of the sequences tested, the algorithm caused a slight increase in power
consumption overall. Further development of the algorithm/architecture used
could potentially reduce this disadvantage.
Also in chapter 7, a novel FPGA architecture for the full fractional motion
estimation algorithm was developed. It is shown that, by storing the half pixel
samples in embedded RAM prior to the quarter pixel search operation, less power
is consumed. This is a beneﬁcial contribution with respect to implementing the
full fractional search algorithm, However, using a 1 step fractional motion esti-
mation algorithm, which does not have separate half and quarter pixel estimation
stages, may oﬀer a greater power reduction. Further research is required to quan-
tify the power reduction and compression performance achievable using reduced
complexity fractional motion estimation algorithms.
8.2 Further Work
In addition to the future work discussed in the preceding section, a number of
other potential directions for further research have been identiﬁed,
• Physical FPGA power measurements. These would allow the estimation
224methodology used in this thesis to be further veriﬁed and enable a more
comprehensive set of power results to be generated for the proposed adap-
tive propagation algorithm.
• Eﬀect of pipelining in combination with the proposed adaptive propagation
algorithm. Given that pipelining reduces the power used in the FPGA
routing network (by reducing glitches), it is probable that the beneﬁt of
using the proposed adaptive propagation algorithm will be reduced as the
level of pipelining used by the full and fractional pixel motion estimators is
increased.
• Adaptively changing the encoder clock frequency. Throughout this thesis it
has been assumed that the number clock cycles per pipeline stage Cp, and
hence the clock frequency required for a speciﬁc frame rate and resolution,
is ﬁxed. Clock distribution consumes a substantial amount of power in
any FPGA design. Designing a pipelined encoder to use a variable Cp,
would allow the encoder clock frequency to be adjusted, depending on the
characteristics of the sequence being encoded. This could potential oﬀer
a signiﬁcant power reduction. However, to realise such an encoder the
algorithms and architectures used by each pipeline stage would need to be
designed carefully.
• Considering the use of reconﬁgurability within a pipelined encoder. In this
thesis the ability to reconﬁgure an FPGA in response to a change in its
environment has not been considered. This represents a signiﬁcant area for
further research. For example the encoding modes supported by the encoder
could be modiﬁed depending on the type of sequence being encoded.
225Appendix A
H.264 Stereo Video Compression
In this appendix the use of the H.264 standard to compress stereo video sequences
is studied. This work was undertaken with the view to implementing a H.264
stereo video encoder in a FPGA. The research was not pursued, however, because
results indicated that exploiting the additional redundancy present in stereo video
compression oﬀered little beneﬁt.
A.1 Stereo Video
Humans perceive the world in three-dimensions, despite the fact that the eyes only
ever provide access to two-dimensional images of the world; a three-dimensional
perception, therefore, must be constructed from the two-dimensional images re-
ceived. Humans, more speciﬁcally the Human Visual System, do this using a
number of depth cues including linear perspective, object overlapping, shading,
accommodation, convergence, texture gradient, motion parallax, and disparity.
The importance to depth perception of each depth cue varies with distance. One
of the most important, at short viewing distances, is disparity. Disparity is the
226Figure A.1: Parallel camera conﬁguration used to capture a stereo video sequence
diﬀerence between the position of an object in the images received by the left and
right eye. It is a binocular depth cue requiring both eyes to function correctly
Ordinary television screens and computer monitors do not re-create the dis-
parity depth cue. The same image is presented to each eye. To successfully
recreate the disparity depth cue diﬀerent images need to be presented to each
eye. In general a parallel camera conﬁguration is used to capture stereo se-
quences as shown in ﬁgure A.1. This produces the most comfortable images for
the viewer. For stereo image display a number of techniques have been developed
such as anaglyph - where colour is used to separate the left and right eye images;
and polarisation - where a light’s polarisation is used to separate the left and
right eye images [131].
In terms of applications, the most popular current use is in tele-operation.
Tele-operation systems using stereo video have been employed in industrial [132],
medical, and military applications. It has been shown that for a number of remote
operation tasks stereo video provides a beneﬁt; with stereo video the user typi-
cally requires less training to perform the remote operation task correctly [133].
The other successful current application is 3D cinema. The recent increase in
popularity of 3D cinema being due to the use of better display technologies,
227which minimise viewer discomfort; and the production of high quality content.
A larger research eﬀort has been conducted into 3D-television. Numerous Eu-
ropean 3D-TV research projects have been initiated, including ATTEST1 and
more recently the 3D-TV Network Of Excellence2. It is unlikely, however, that
3D television will be launched commercially in the short term.
In addition to temporal and spatial redundancy, stereo video sequences also
have binocular redundancy. This extra redundancy potentially allows greater
compression performance. In this appendix the use of H.264 for stereo video
compression is explored, with a view to implementing an FPGA based stereo
video encoder.
A.2 Previous Work
A.2.1 Stereo Video Compression using H.264
The multi-view image compression problem was ﬁrst considered in [134]. In [134]
it was proposed to use ﬁxed sized block matching to exploit the redundancy
between the images within a multi view image set. This is not unusual. The ma-
jority of the techniques applicable to mono video compression are also applicable
to stereo video compression. As a result the improvement in the performance of
stereo video compression algorithms has tracked the performance improvement
in monocular compression algorithms.
There are three generic structures for stereo video encoding, simulcast, com-
patible, and joint as shown in ﬁgure A.2. To aid the exploitation of binocular
redundancy disparity estimation is used, in a similar way to how motion esti-
1Refer to http://www.hitech-projects.com/euprojects/attest/summary.htm
2Refer to https://www.3dtv-research.org/
228Figure A.2: Structures for stereo video compression. Horizontal arrows indicate
motion estimation, vertical arrows indicate disparity estimation
mation aids the exploitation of temporal redundancy. Only the joint structure
exploits all the temporal, spatial, and binocular redundancies present in a stereo
video sequence
A fourth type of redundancy has been suggested in [135]. Wordline redun-
dancy is the redundancy between diﬀerent views at diﬀerent time instances.
While it undoubtedly exists, only [131] has quantiﬁed the improvement. Results
given in [131] indicate that for H.264 stereo video exploiting wordline correlation
in addition to the other redundancy types provides a performance improvement
of between 0.1 and 0.2 db.
In [131] the joint encoding structure, and variations which supported wordline
229correlation were implemented using the multiple reference frame option present
in the H.264 standard. In this type of H.264 stereo implementation, left and right
images are processed in turn by a single H.264 encoder. The produces a single
stream which can be decoded by a standard H.264 decoder. In order for the
H.264 decoder to know which images belong to which view it requires additional
information.
The format of this additional information was standardised, as part of the
H.264 supplementary enhancement information (SEI) syntax. In addition to
supporting the buﬀer management stereo method the stereo SEI also supports the
use of the H.264 interlaced coding options for stereo video compression. Each ﬁeld
in a picture being one of the images in a stereo pair [136]. Using interlaced video
to support stereo has been used with analogue video standards such as PAL and
NTSC. This implementation method also supports all the redundancies present
in a stereo sequence, assuming the H264 ﬁeld encoding mode is used. Surprisingly
in [136] results were produced showing that when the macroblock adaptive frame
ﬁeld option was enabled, the compression performance was slightly better that
when each ﬁeld was compressed separately.
A.2.2 Illumination Compensation
All block matching methods make the implicit assumption that an object’s inten-
sity will be consistent between frames being compared. With regard to images
displaced in time this assumption generally holds, although there are some se-
quence speciﬁc instances when it does not [137]. For spatially separated images
any sequence can suﬀer from illumination mismatch, either as a result of dif-
ferences within the cameras used, or as a result of diﬀerent amounts of light
being reﬂected into each camera. In stereo video the illumination diﬀerences are
230generally attributable to camera mismatches as the diﬀerence in the two cam-
era’s positions is small. To improve compression it is desirable to remove any
illumination diﬀerences between the left and right view before a stereo pair is
compressed.
In [138] histogram modiﬁcation is used in order to reduce the illumination dif-
ferences between the two images in a stereo pair. A less complex method used by
[139][140][141] is to model the illumination diﬀerence between two corresponding
points in each image using a scaling and an oﬀset,
Sr(x,y) = aSl(x,y) + b. (A.1)
where a and b are constants and Sr and Sl are the luminance values at corre-
sponding points in the left and right images respectively. The values of a and b
are determined such that the ﬁrst and second order moments of the left and right
image are equal. The corrected luminance values for the whole right image are
then produced using
Src(x,y) = aSr(x,y) + b (A.2)
A.3 Experiments
The simulcast methods oﬀers a number of implementation advantages compared
to the joint method. The processing requirement is reduced. More signiﬁcantly,
with simulcast there is not data dependency between the left and right views.
This allows the left and right views to be compressed concurrently, making it
easier to implement a low latency encoder. Low latency is an important require-
ment for all tele-operation applications.
231Encoding experiments were performed to determine whether the compression
beneﬁt oﬀered by the joint encoding method, outweighed the implementation ad-
vantages of the simulcast method. The compatible method was not considered
because for the majority of macroblocks temporal, instead of binocular, redun-
dancy is favored. Thus, the compatible method provides poorer compression
performance than simulcast, while oﬀering no implementation advantages.
For the simulcast structure only a single temporally adjacent frame was used
for reference. For the joint structure only a single temporal and single binocular
frame was used for reference. Other more complicated encoding structures have
not been considered. The H.264 JM 9.0 reference software was modiﬁed to sup-
port stereo operation [130]. Stereo video was loaded on an alternating left/right
pattern, similar to the manner reported in other H.264 stereoscopic encoding
proposals. The reference list management options within H.264 were utilised in
order to ensure that the motion reference frame was situated in reference 0, list 0,
for both simulcast and joint encoding structures. This improves the performance
of the joint structure by ensuring that using motion reference frame requires the
least number of encoding bits. The other modiﬁcation made was to introduce
a speciﬁc function for disparity estimation. This diﬀered from the motion esti-
mation function in that it was strongly horizontal biased, reﬂecting the fact that
disparity, when the parallel camera conﬁguration is used, only has a horizontal
component.
Three stereo video sequences were used. One of the sequences used diplo
reﬂects a common tele-operation application, remote vehicle operation (refer to
table A.1) To correct any illumination diﬀerences present between the left and
right views the simple gain/oﬀset model, given in equation A.2, was used. The
a and b coeﬃcients were determined by equating the ﬁrst and second order mo-
232.
Name Dimensions Description
antonio 176x256 Large Main Object movement
diplo 320x240 Fast Camera/Object movement
talking 320x240 Minimal Main object Movement, Some background movement
Table A.1: Images used in experiments
ments. To ensure no intra-view illumination diﬀerences the a and b co-eﬃcients
were only calculated for the ﬁrst frame in each sequence and then applied to all
frames in the sequence.
A.4 Results and Discussion
To compare the quality of the encoded images the PSNR metric was used. We
only consider the right view of the stereo sequence, as the left sequence is pro-
cessed identically in all cases. Figure A.3 shows the PSNR curves of the right
frame for the joint and simulcast structures. Both the antonio and diplo se-
quences show a compression performance improvement of approximately 0.3 dB
when the joint structure is used. The talking sequence shows a performance
improvement of less than 0.1 dB.
The talking sequence shows noticeable illumination diﬀerences between the
left and right view. If illumination compensation is applied to the right view of
the talking sequence the compression performance of the joint stereo structure
increases. With illumination compensation, the joint structure provides a near
0.3 dB performance improvement over the simulcast method. For the antonio
and diplo sequences the use of illumination compensation would appear to de-
crease the compression performance of the joint-p structure. This may be due
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Figure A.3: PSNR curves for antonio, talking and diplo sequences when the
simulcast and joint encoding methods were used
234to the calculated a and b co-eﬃcients from the ﬁrst frame not being accurate for
future frames.
These results presented are similar to the results reported in [136] [142]. Al-
though [142] did provide results indicating that for a sequence with a large number
of scene changes the joint method provides a performance improvement of nearly
0.8 dB. In [131] results are given indicating that 1 dB performance improvement
is achievable using the joint method for certain sequences.
The two most popular current applications of stereo video are 3D cinema and
tele-operation. For the cinema application, intra frame compression techniques
are predominant to meet the picture quality requirement of that application.
For the tele-operation application there will be no scene changes. Therefore the
performance improvement oﬀered by the joint method does not outweigh the
implementation disadvantages. In particular the increased latency required to
implement the joint method is likely to be unacceptable.
A.5 Conclusion
Exploiting the binocular redundancy present in stereo video sequences oﬀers a
compression beneﬁt. However the improvement provided is not enough to justify
pursuing an FPGA implementation, given the requirements of the applications
which currently make use of stereo video.
235Appendix B
Full Pixel Motion Estimation
Array Timing
In this appendix timing information for the full search motion estimator described
in chapter 7 is given. Only information for the ﬁrst search position row/column
is provided. The timing relationships for the other search position rows/columns
are identical. Table B.1 provides details of the input pixel and the corresponding
4x4 SAD output timing. For table B.1 the origin for the reference pixel indices
is assumed to be the upper left corner of the search area. Table B.2 shows the
timing of the SAD outputs for the 4x8 and 8x4 block sizes. Table B.3 shows the
timing of the SAD outputs for the 8x8, 16x8, 8x16 and 16x16 block sizes. For
tables B.2 and B.3 it has been assumed that horizontal propagation has been
used. If vertical propagation was used the timing of the SAD outputs for the 8x4
and 4x8 block sizes would be swapped, as would the timing of the SAD outputs
for 16x8 and 8x16 block sizes.
236Clock Reference Pixel Input ((X,Y) or (Y,X) Search Position Output ((X,Y) or (Y,X)
Cycle dependent on propagation direction) dependent on propagation direction)
A1/A5 A2/A6 A3/A7 A4/A8
0 (0,0)(0,1)(0,2)(0,3)(0,4)(0,5)(0,6)(0,7)
1 (1,0)(1,1)(1,2)(1,3)(1,4)(1,5)(1,6)(1,7)
2 (2,0)(2,1)(2,2)(2,3)(2,4)(2,5)(2,6)(2,7)
3 (3,0)(3,1)(3,2)(3,3)(3,4)(3,5)(3,6)(3,7)
4 (4,0)(4,1)(4,2)(4,3)(4,4)(4,5)(4,6)(4,7) (-8,-8)
5 (5,0)(5,1)(5,2)(5,3)(5,4)(5,5)(5,6)(5,7) (-8,-7)
6 (6,0)(6,1)(6,2)(6,3)(6,4)(6,5)(6,6)(6,7) (-8,-6)
7 (7,0)(7,1)(7,2)(7,3)(7,4)(7,5)(7,6)(7,7) (-8,-5)
8 (8,0)(8,1)(8,2)(8,3)(8,4)(8,5)(8,6)(8,7) (-8,-4) (-8,-8)
9 (9,0)(9,1)(9,2)(9,3)(9,4)(9,5)(9,6)(9,7) (-8,-3) (-8,-7)
10 (10,0)(10,1)(10,2)(10,3)(10,4)(10,5)(10,6)(10,7) (-8,-2) (-8,-6)
11 (11,0)(11,1)(11,2)(11,3)(11,4)(11,5)(11,6)(11,7) (-8,-1) (-8,-5)
12 (12,0)(12,1)(12,2)(12,3)(12,4)(12,5)(12,6)(12,7) (-8,-0) (-8,-4) (-8,-8)
13 (13,0)(13,1)(13,2)(13,3)(13,4)(13,5)(13,6)(13,7) (-8,1) (-8,-3) (-8,-7)
14 (14,0)(14,1)(14,2)(14,3)(14,4)(14,5)(14,6)(14,7) (-8,2) (-8,-2) (-8,-6)
15 (15,0)(15,1)(15,2)(15,3)(15,4)(15,5)(15,6)(15,7) (-8,3) (-8,-1) (-8,-5)
16 (16,0)(16,1)(16,2)(16,3)(16,4)(16,5)(16,6)(16,7) (-8,4) (-8,-0) (-8,-4) (-8,-8)
17 (17,0)(17,1)(17,2)(17,3)(17,4)(17,5)(17,6)(17,7) (-8,5) (-8,1) (-8,-3) (-8,-7)
18 (18,0)(18,1)(18,2)(18,3)(18,4)(18,5)(18,6)(18,7) (-8,6) (-8,2) (-8,-2) (-8,-6)
19 (19,0)(19,1)(19,2)(19,3)(19,4)(19,5)(19,6)(19,7) (-8,7) (-8,3) (-8,-1) (-8,-5)
20 (20,0)(20,1)(20,2)(20,3)(20,4)(20,5)(20,6)(20,7) (-8,4) (-8,-0) (-8,-4)
21 (21,0)(21,1)(21,2)(21,3)(21,4)(21,5)(21,6)(21,7) (-8,5) (-8,1) (-8,-3)
22 (22,0)(22,1)(22,2)(22,3)(22,4)(22,5)(22,6)(22,7) (-8,6) (-8,2) (-8,-2)
23 (23,0)(23,1)(23,2)(23,3)(23,4)(23,5)(23,6)(23,7) (-8,7) (-8,3) (-8,-1)
24 (24,0)(24,1)(24,2)(24,3)(24,4)(24,5)(24,6)(24,7) (-8,4) (-8,-0)
25 (25,0)(25,1)(25,2)(25,3)(25,4)(25,5)(25,6)(25,7) (-8,5) (-8,1)
26 (26,0)(26,1)(26,2)(26,3)(26,4)(26,5)(26,6)(26,7) (-8,6) (-8,2)
27 (27,0)(27,1)(27,2)(27,3)(27,4)(27,5)(27,6)(27,7) (-8,7) (-8,3)
28 (28,0)(28,1)(28,2)(28,3)(28,4)(28,5)(28,6)(28,7) (-8,4)
29 (29,0)(29,1)(29,2)(29,3)(29,4)(29,5)(29,6)(29,7) (-8,5)
30 (30,0)(30,1)(30,2)(30,3)(30,4)(30,5)(30,6)(30,7) (-8,6)
Start of Second Pass
31 (0,8)(0,9)(0,10)(0,11)(0,12)(0,13)(0,14)(0,15) (-8,7)
32 (1,8)(1,9)(1,10)(1,11)(1,12)(1,13)(1,14)(1,15)
33 (2,8)(2,9)(2,10)(2,11)(2,12)(2,13)(2,14)(2,15)
33 (3,8)(3,9)(3,10)(3,11)(3,12)(3,13)(3,14)(3,15)
33 (4,8)(4,9)(4,10)(4,11)(4,12)(4,13)(4,14)(4,15) (-8,-8)
—————————————————————
60 (29,0)(29,1)(29,2)(29,3)(29,4)(29,5)(29,6)(29,7) (-8,5)
61 (30,0)(30,1)(30,2)(30,3)(30,4)(30,5)(30,6)(30,7) (-8,6)
Start of second search position row/column
62 (0,0)(0,1)(0,2)(0,3)(0,4)(0,5)(0,6)(0,7) (-8,7)
63 (1,0)(1,1)(1,2)(1,3)(1,4)(1,5)(1,6)(1,7)
63 (2,0)(2,1)(2,2)(2,3)(2,4)(2,5)(2,6)(2,7)
64 (3,0)(3,1)(3,2)(3,3)(3,4)(3,5)(3,6)(3,7)
65 (4,0)(4,1)(4,2)(4,3)(4,4)(4,5)(4,6)(4,7) (-7,-8)
Table B.1: Input to 4x4 Arrays and 4x4 Array Output
237Clock Search Position Output ((Y,X))
Cycle
Blocksize(Subblock-phase1,Subblock-phase2)
4x8(1,5) 4x8(2,6) 4x8(3,7) 4x8(4,8) 8x4(1,5) 8x4(1,6) 8x4(1,7) 8x4(1,8)
2
3
4
5 (-8,-8)
6 (-8,-7)
7 (-8,-6)
8 (-8,-5)
9 (-8,-4) (-8,-8) (-8,-8) (-8,-8)
10 (-8,-3) (-8,-7) (-8,-7) (-8,-7)
11 (-8,-2) (-8,-6) (-8,-6) (-8,-6)
12 (-8,-1) (-8,-5) (-8,-5) (-8,-5)
13 (-8,-0) (-8,-4) (-8,-8) (-8,-4) (-8,-4)
14 (-8,1) (-8,-3) (-8,-7) (-8,-3) (-8,-3)
15 (-8,2) (-8,-2) (-8,-6) (-8,-2) (-8,-2)
16 (-8,3) (-8,-1) (-8,-5) (-8,-1) (-8,-1)
17 (-8,4) (-8,-0) (-8,-4) (-8,-8) (-8,-0) (-8,-0) (-8,-8) (-8,-8)
18 (-8,5) (-8,1) (-8,-3) (-8,-7) (-8,1) (-8,1) (-8,-7) (-8,-7)
19 (-8,6) (-8,2) (-8,-2) (-8,-6) (-8,2) (-8,2) (-8,-6) (-8,-6)
20 (-8,7) (-8,3) (-8,-1) (-8,-5) (-8,3) (-8,3) (-8,-5) (-8,-5)
21 (-8,4) (-8,-0) (-8,-4) (-8,4) (-8,4) (-8,-4) (-8,-4)
22 (-8,5) (-8,1) (-8,-3) (-8,5) (-8,5) (-8,-3) (-8,-3)
23 (-8,6) (-8,2) (-8,-2) (-8,6) (-8,6) (-8,-2) (-8,-2)
24 (-8,7) (-8,3) (-8,-1) (-8,7) (-8,7) (-8,-1) (-8,-1)
25 (-8,4) (-8,-0) (-8,-0) (-8,-0)
26 (-8,5) (-8,1) (-8,1) (-8,1)
27 (-8,6) (-8,2) (-8,2) (-8,2)
28 (-8,7) (-8,3) (-8,3) (-8,3)
29 (-8,-8) (-8,4) (-8,4) (-8,4)
30 (-8,5) (-8,5) (-8,5)
Start of Second Pass
31 (-8,6) (-8,6) (-8,6)
32 (-8,7) (-8,7) (-8,7)
33
34 (-8,-8)
—————————————————————
60 (-8,4) (-8,4) (-8,4)
61 (-8,5) (-8,5) (-8,5)
Start of second search position row/column
62 (-8,6) (-8,6) (-8,6)
63 (-8,7) (-8,7) (-8,7)
64
65
66 (-7,-8)
Table B.2: 4x8 and 8x4 outputs from adder tree
238Clock Search Position Output ((Y,X))
Cycle
Blocksize(Subblock-phase1,Subblock-phase2)
8x8(1,3) 8x8(2,4) 16x8(1,2) 8x16(-,1) 8x16(-,2) 16x16(-,1)
9
10 (-8,-8)
11 (-8,-7)
12 (-8,-6)
13 (-8,-5)
14 (-8,-4)
15 (-8,-3)
16 (-8,-2)
17 (-8,-1)
18 (-8,-0) (-8,-8)
19 (-8,1) (-8,-7) (-8,-8)
20 (-8,2) (-8,-6) (-8,-7)
21 (-8,3) (-8,-5) (-8,-6)
22 (-8,4) (-8,-4) (-8,-5)
23 (-8,5) (-8,-3) (-8,-4)
24 (-8,6) (-8,-2) (-8,-3)
25 (-8,7) (-8,-1) (-8,-2)
26 (-8,-0) (-8,-1)
27 (-8,1) (-8,-0)
28 (-8,2) (-8,1)
29 (-8,3) (-8,2)
30 (-8,4) (-8,3)
Start of Second Pass
31 (-8,5) (-8,4)
32 (-8,6) (-8,5)
33 (-8,7) (-8,6)
34 (-8,7)
35
—————————————————–
51 (-8,3) (-8,-5) (-8,-6) (-8,2) (-8,-6) (-8,-7)
52 (-8,4) (-8,-4) (-8,-5) (-8,3) (-8,-5) (-8,-6)
53 (-8,5) (-8,-3) (-8,-4) (-8,4) (-8,-4) (-8,-5)
54 (-8,6) (-8,-2) (-8,-3) (-8,5) (-8,-3) (-8,-4)
55 (-8,7) (-8,-1) (-8,-2) (-8,6) (-8,-2) (-8,-3)
56 (-8,0) (-8,-1) (-8,7) (-8,-1) (-8,-2)
57 (-8,1) (-8,0) (-8,0) (-8,-1)
58 (-8,2) (-8,1) (-8,1) (-8,0)
59 (-8,3) (-8,2) (-8,2) (-8,1)
60 (-8,4) (-8,3) (-8,3) (-8,2)
61 (-8,5) (-8,4) (-8,4) (-8,3)
Start of second search position row/column
62 (-8,6) (-8,5) (-8,5) (-8,4)
63 (-8,7) (-8,6) (-8,6) (-8,5)
64 (-8,7) (-8,7) (-8,6)
65 (-8,7)
End of ﬁrst search position row/column
Table B.3: 8x8,16x8,8x16 and 16x16 outputs from adder tree
239Appendix C
Video Sequences Used
This appendix provides details on the video sequences used in this thesis. As
the power consumed in an FPGA is dependent on its inputs, the video sequences
used in chapters 5, 6 and 7, will inﬂuence the power consumption results given.
With the power estimation methodology used, it is infeasible to use a large set
of sequences. The time required would be excessive.
The estimation problem is most acute in the analysis performed in chapter 5
because, in this case, an entire in encoder is being simulated. The sequences used
in chapter 5 are listed in table C.1, with a URL at which the sequences can be
accessed and viewed. All are standard test sequences used in video compression
research. While the test set used in chapter 5 is limited, it does contain sequences
with fast motion such as football and sequences with a variety of diﬀerent res-
olutions. It is also worth noting that the motion estimation and mode decision
algorithms used in the encoder studied in chapter 5 are not sequence dependent.
The same number of calculations are performed regardless of each sequences char-
acteristics. Therefore, the results given in chapter 5 are less sequence dependent
that what might initially be expected. However, it would have been beneﬁcial if
240Size Sequence URL
SIF
Football http://www.cipr.rpi.edu/resource/sequences/sif.html
Stefan http://trace.eas.asu.edu/yuv/index.html
CIF
Foreman http://www.cipr.rpi.edu/resource/sequences/sif.html
Mobile http://index.apple.com/~singer/sequences/mobile.mov
D1 Garden http://www.cipr.rpi.edu/resource/sequences/sif.html
Table C.1: Test sequences used in chapter 5
Size Sequence URL
QCIF
Suzie http://trace.eas.asu.edu/yuv/index.html
Miss America http://trace.eas.asu.edu/yuv/index.html
Table http://www.cipr.rpi.edu/resource/sequences/sif.html
SIF Football http://www.cipr.rpi.edu/resource/sequences/sif.html
CIF
Hall Monitor http://trace.eas.asu.edu/yuv/index.html
Paris http://index.apple.com/~singer/sequences/paris.mov
Mobile http://index.apple.com/~singer/sequences/mobile.mov
VGA
Oﬃce Not Available
Riverraft Not Available
Outdoor Not Available
Table C.2: Test sequences used in chapters 6 and 7
a larger sequence set could have been used.
The sequence set used in chapters 6 and 7 is shown in table C.2. The majority
of sequences used are standard test sequences, for which a URL has been pro-
vided. Three sequences, riverraft oﬃce and outdoor are not. For these sequences
example frames are provided in ﬁgures C.1, C.2 and C.3. The sequence set used
in this case was chosen to allow the performance of the adaptive propagation
algorithm to be judged. As such the sequences used contain a variety of diﬀerent
spatial correlations. For example, the riverraft sequence is predominantly hor-
izontally corelated, where as the oﬃce sequence contains a mixture of vertical
and horizontal correlations.
241Figure C.1: Frames (from top left) 0,10,20,30,40 and 50 of riverraft test sequence
242Figure C.2: Frames (from top left) 0,10,20,30,40 and 50 of oﬃce test sequence
243Figure C.3: Frames (from top left) 0,10,20,30,40 and 50 of outdoor test sequence
244Appendix D
H.264 Encoder Power Analysis
Results
D.1 Power By Encoder Function
Tables D.1 D.2 and D.3 show the power per encoder function for a quantisation
parameters of 6, 20 and 30 respectively.
245Sequence
Encoder Function Football Stefan Mobile Foreman Garden
Full pixel motion 19.78 19.02 24.14 22.84 76.04
estimation
Fractional pixel motion 10.47 10.02 12.68 11.53 39.23
estimation
Infrastructure rams 7.93 7.8 9.48 9.19 30.45
Intra Prediction 5.62 5.47 6.68 6.36 21.37
Loop ﬁlter 5.06 4.89 6.02 5.31 18.74
Forward transform and 3.47 3.4 4.08 3.97 13.11
quantisation
Variable length encoding 3.01 2.68 3.39 2.82 9.58
Inverse transform and 2.22 2.09 2.54 2.35 7.78
quantisation
Intra/Inter Mode 0.99 0.98 1.17 1.16 3.81
decision
Reconstruction 0.7 0.64 0.82 0.58 2.14
Control Components 0.67 0.67 0.79 0.79 2.59
Table D.1: Encoder dynamic power consumption (in mW) per encoder function
for a quantisation parameter of 6. Power results are in milli-watts
Sequence
Encoder Function Football Stefan Mobile Foreman Garden
Full pixel motion 19.84 18.76 24.08 24.99 76.16
estimation
Fractional pixel motion 10.41 9.73 12.57 11.23 38.8
estimation
Infrastructure rams 7.74 7.58 9.28 8.85 29.59
Intra Prediction 5.55 5.36 6.62 6.22 21.16
Loop ﬁlter 4.9 4.75 6 5.1 18.48
Forward transform and 3.4 3.33 4.02 3.9 12.87
quantisation
Variable length encoding 1.91 1.77 2.26 1.78 6.51
Inverse transform and 1.67 1.61 1.97 1.76 6.05
quantisation
Intra/Inter Mode 0.99 0.98 1.17 1.16 3.81
decision
Reconstruction 0.67 0.67 0.79 0.79 2.58
Control Components 0.51 0.46 0.63 0.33 1.57
Table D.2: Encoder dynamic power consumption (in mW) per encoder function
for a quantisation parameter of 20. Power results are in milli-watts
246Sequence
Encoder Function Football Stefan Mobile Foreman Garden
Full pixel motion 19.46 18.74 24.07 22.56 75.37
estimation
Fractional pixel motion 9.95 9.65 12.46 10.96 38.1
estimation
Infrastructure rams 7.55 7.44 9.07 8.62 29.01
Intra Prediction 5.38 5.31 6.55 6.11 20.79
Loop ﬁlter 4.54 4.62 5.89 4.77 17.84
Forward transform and 3.35 3.31 4 3.9 12.83
quantisation
Variable length encoding 1.47 1.47 1.73 1.66 5.56
Inverse transform and 1.47 1.43 1.73 1.49 5.36
quantisation
Intra/Inter Mode 0.99 0.98 1.17 1.16 3.81
decision
Reconstruction 0.67 0.67 0.79 0.79 2.58
Control Components 0.29 0.33 0.42 0.18 1.04
Table D.3: Encoder dynamic power consumption (in mW) per encoder function
for a quantisation parameter of 30. Power results are in milli-watts
247Sequence Quant Search Input Output Loop Loop Bit- Output
Memory Frame Frame Filter Filter stream Frame
Load Load Save Save Load Save Load
Football 6 11.18 1.8 1.21 1.45 1.47 0.65 0.07
Football 20 10.72 1.81 1.17 1.4 1.38 0.61 0.07
Football 30 9.84 1.82 1.07 1.29 1.27 0.56 0.06
Stefan 6 10.18 1.63 1.09 1.3 1.33 0.59 0.07
Stefan 20 9.69 1.65 1.04 1.24 1.24 0.55 0.06
Stefan 30 9.34 1.66 0.99 1.2 1.19 0.53 0.06
Foreman 6 12.79 2 1.36 1.62 1.64 0.73 0.08
Foreman 20 12.21 2.02 1.29 1.54 1.54 0.68 0.08
Foreman 30 11.45 2.03 1.2 1.45 1.45 0.64 0.07
Mobile 6 13.49 2.13 1.43 1.72 1.75 0.78 0.09
Mobile 20 13.21 2.13 1.41 1.69 1.68 0.75 0.09
Mobile 30 12.98 2.45 1.55 1.87 1.01 0.45 0.05
Garden 6 44.92 6.82 4.69 5.65 5.73 2.54 0.29
Garden 20 43.54 6.86 4.56 5.5 5.49 2.43 0.28
Garden 30 41.46 6.89 4.3 5.23 5.22 2.32 0.26
Table D.4: IO power consumption (in mW) attributable to various encoder mem-
ory operations
D.2 IO/SDRAM Power Consumption Results
D.2.1 IO Power Consumption
Table D.4 and Table D.5 shows the IO and SDRAM power consumption at-
tributable to each encoder function.
248Sequence Quant Search Input Output Loop Loop Bit- Output
Memory Frame Frame Filter Filter stream Frame
Load Load Save Save Load Save Load
Football 6 53.82 8.67 5.83 6.99 7.07 3.13 0.36
Football 20 54.85 9.27 5.97 7.16 7.07 3.13 0.36
Football 30 54.72 10.13 5.96 7.15 7.07 3.13 0.36
Stefan 6 54.21 8.68 5.8 6.94 7.07 3.13 0.36
Stefan 20 55.06 9.38 5.9 7.07 7.07 3.13 0.36
Stefan 30 55.25 9.82 5.88 7.11 7.07 3.13 0.36
Foreman 6 62.82 9.82 6.66 7.97 8.05 3.57 0.41
Foreman 20 63.67 10.5 6.73 8.02 8.05 3.57 0.41
Foreman 30 63.36 11.24 6.65 8.05 8.05 3.57 0.41
Mobile 6 61.97 9.77 6.57 7.91 8.05 3.57 0.41
Mobile 20 63.13 10.2 6.74 8.1 8.05 3.57 0.41
Mobile 30 63.82 10.52 6.78 8.23 8.05 3.57 0.41
Garden 6 201.5 30.6 21.02 25.35 25.71 11.4 1.3
Garden 20 203.95 32.11 21.34 25.78 25.71 11.4 1.3
Garden 30 204.02 33.91 21.16 25.74 25.71 11.4 1.3
Table D.5: SDRAM power consumption (in mW) attributable the various encoder
memory operations
249Appendix E
Fractional Estimation Power
Results
This chapter details the full results used to generate Figures 7.26 and 7.27. Ta-
ble E.1 gives details of the half pixel interpolator power consumption results.
Table E.2 gives details of the quarter pixel interpolator and estimator power
consumption results. Table E.3 gives details of the half pixel estimator power
consumption results. Table E.4 gives details of the power consumption of the
half and quarter pixel control functions. Table E.5 gives details of the power
consumption of the quarter pixel memory.
250Sequence Horizontal Propagation Adaptive Propagation % reduction
Suzie 1.57 1.44 8.28
Miss america 0.91 0.86 5.49
Table 1.31 1.27 3.05
Football 6.62 6.64 -0.3
Hall monitor 5.05 4.43 12.28
Paris 6.61 5.98 9.53
Mobile 7.86 7.65 2.67
Oﬃce 11.54 10.17 11.87
Riverraft 17.49 17.45 0.23
Outdoor 12.29 12.1 1.55
Table E.1: Half pixel interpolator power consumption (mW) when adaptive prop-
agation is and is not used
Sequence Horizontal Propagation Adaptive Propagation % reduction
Suzie 1.24 1.15 7.26
Miss america 0.87 0.84 3.45
Table 1.18 1.16 1.69
Football 5.19 5.2 -0.19
Hall monitor 4.26 3.92 7.98
Paris 5.2 4.84 6.92
Mobile 6.02 5.87 2.49
Oﬃce 10.09 9.29 7.93
Riverraft 14.85 14.84 0.07
Outdoor 10.82 10.63 1.76
Table E.2: Quarter pixel estimator and interpolator power consumption (mW)
when adaptive propagation is and is not used
251Sequence Horizontal Propagation Adaptive Propagation % reduction
Suzie 0.57 0.54 5.26
Miss america 0.43 0.42 2.33
Table 0.61 0.6 1.64
Football 2.18 2.18 0
Hall monitor 2.13 2 6.1
Paris 2.39 2.26 5.44
Mobile 2.62 2.55 2.67
Oﬃce 5.03 4.7 6.56
Riverraft 6.14 6.1 0.65
Outdoor 5.57 5.47 1.8
Table E.3: Half pixel estimator power consumption (mW) when adaptive prop-
agation is and is not used
Sequence Horizontal Propagation Adaptive Propagation % reduction
Suzie 0.38 0.38 0
Miss america 0.37 0.37 0
Table 0.38 0.38 0
Football 1.32 1.3 1.52
Hall monitor 1.37 1.37 0
Paris 1.39 1.38 0.72
Mobile 1.42 1.42 0
Oﬃce 4.31 4.31 0
Riverraft 4.51 4.52 -0.22
Outdoor 4.3 4.3 0
Table E.4: Control power consumption (mW) when adaptive propagation is and
is not used
252Sequence Horizontal Propagation Adaptive Propagation % reduction
Suzie 0.31 0.31 0
Miss america 0.26 0.26 0
Table 0.29 0.29 0
Football 1.14 1.13 0.88
Hall monitor 1.04 0.99 4.81
Paris 1.14 1.1 3.51
Mobile 1.18 1.17 0.85
Oﬃce 3.11 3.04 2.25
Riverraft 3.66 3.66 0
Outdoor 3.13 3.12 0.32
Table E.5: Power consumpton (mW) of the quarter pixel ram when adaptive
propagation is and is not used
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